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Liquid/liquid interface, either flat or curved, is a unique template for studying self-
assembly of a variety of nanomaterials such as nanoparticles and nanorods. The resultant 
monolayer films can be ordered or disordered depending on the regularity of the 
nanomaterials. Integration of nanoparticles into two-dimensional structure leads to 
intriguing collective properties of the nanoparticles. Crystallization can also be guided by 
liquid/liquid interface. Due to the particular shape of the interface, crystallization can 
happen in a different manner comparing to the normal solution crystallization.  
In this dissertation, liquid/liquid interface is employed to guide the crystallization of 
polymers, mainly focusing on using curved liquid/liquid interface. Due to the unique 
shape of the interface and feasibility to control the curvature, polymer crystallization can 
take place in different manner and lead to the formation of curved or vesicular crystals. 
Curved liquid/liquid interface is typically created through o/w emulsions. With the 
presence of surfactant, the emulsions are controlled to be stable at least for the polymer 
crystallization periods. The difference to normal solution crystallization is: the nuclei will 
diffuse to the curved interface due to the Pickering effect and guide the crystallization 
along the curved liquid/liquid interface. If the supercooling can be controlled to be very 
small, crystal growth in the bulk droplets can be avoided. The advantages of this strategy 
xxiii 
 
are: 1) the formation process of vesicular type crystals can be monitored by controlling 
the polymer supply; 2) curved crystals, bowl-like structures and enclosed capsules can be 
easily obtained comparing to the self-assembly method for vesicle formation; 3) the 
obtained vesicles will be made of polymer crystals, which will possess the extraordinary 
mechanical properties.  
Based on the nucleation type, this dissertation is divided into two parts. The first part is 
focused on the self-assembly behavior of single-walled carbon nanotubes (SWCNTs) at 
curved liquid/liquid interface and the crystallization behavior of polymers at curved 
liquid/liquid interface while SWCNTs in presence. A few crystalline polymers, such as 
polyethylene (PE), poly(l-lactic acid) (PLLA), and poly(3-hexylthiophene-2,5-diyl) 
(P3HT), and water/oil systems were used to study the behavior. The formation of nano 
speckle structure is a crystallization-driven process due to heterogeneous nucleation and 
crystal growth of polymers at curved liquid/liquid interface. 
The second part deals with the homogeneous nucleation and crystal growth at curved 
liquid/liquid interface. Both PE and PLLA were used to conduct the study. For PE, 1,2-
dichlorobenzene (DCB), water, and sodium dodecylsulfate (SDS) were used for the 
emulsion system. The emulsification system for PLLA is p-xylene, water, and 
hexadecyltrimethylammonium bromide (CTAB). Surfactant concentration can be 
employed to control the droplet size, thus controlling the final crystal vesicle’s size. By 
controlling the initial polymer concentration, crystal shells with different morphology, 
such as curved crystal, bowl-like crystals, and crystal vesicles (named lamellaesome) can 
be obtained. The formation of these unique structures was templated by the curved 
interface. The formation process and detailed crystal structure are analyzed based on 
xxiv 
 
electron diffraction data from different sized lamellaesomes. Mechanical properties of the 
crystal vesicles and their encapsulation abilities will be discussed. 
     At the end of this dissertation, a summary of my work and future outlook will be given.  
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Chapter 1: Introduction 
 
 
In recent material and life sciences research, enormous attention has been devoted to 
the different types of inorganic and organic/polymeric materials in the form of 
nanoparticles, nano- and microcapsules. A tremendous progress has been made regarding 
the synthesis of well-defined micro- and nanocapsules to reach the desired properties, 
such as size, shape, composition, surface functionalization, and so forth. Self-assembly 
into curved shape such as polymer vesicles is one of the widely employed strategies.  
In general, polymer vesicles has a thin layer of shell with thickness 20-50 nm, and the 
membrane stiffness is around 5-120 mN/m, depending on the molecular weight of the 
block copolymer.
1, 2
  Polymer lamellae are crystalline nanomaterials, with thickness 
around 10-20 nm and lateral size up to microns, depending on the crystallization 
condition.
3
 Their modulus is in the range of GPa, much higher than amorphous polymers. 
In order to utilize the high mechanical properties of the polymer crystals into the polymer 
vesicle, we need to find a way to bend the flat crystals. Curved polymer crystals have 
been observed due to the introduction of unbalanced surface stress. However, fully 
enclosed crystalline vesicles have not been reported yet. Herein, we proposed using the 
curved liquid/liquid interface to guide the growth of polymer crystals to obtain fully 
enclosed capsules.  
This dissertation is devoted to studying the crystallization behavior of polymers at 
curved liquid/liquid interface. PE and PLLA were chosen as the model polymers because: 
1) both are highly crystalline polymers; 2) the crystallization behavior and crystal 
structures of PE and PLLA in solution have been well-studied, which will facilitate the 
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comparison between the two different crystallization conditions, in normal solution 
crystallization and template by curved liquid/liquid interface; 3) PLLA is a biocompatible 
polymer, which can be used for drug delivery study. 
In Chapter 2, research on current self-assembly processes at liquid/liquid interface and 
the self-assembly leading to the formation of curved interface will be reviewed. Emphasis 
will be put on the structure and properties. In addition, curved polymer single crystals and 
interfacial crystallization will also be elaborated. 
In Chapter 3, materials and methods used in this study are summarized. A brief 
discussion of related materials and methods will also be included in each following 
chapter. 
In Chapter 4, the self-assembly behavior of SWCNTs at highly curved liquid/liquid 
interface will be studied. When the circumstance of the droplets is smaller than the length 
of SWCNTs, the SWCNTs will be bent into ring shape by the interfacial force. 
In Chapter 5, heterogeneous nucleation of crystalline polymers using the bent 
SWCNTs at curved liquid/liquid will be discussed. A few different polymers and 
water/oil interfaces are chosen to compare the crystallization process. Differing from the 
normal solution crystallization, ring-shaped nanohybrid shish kebabs (NHSK) are 
obtained. 
In Chapter 6, PE homogeneous nucleation and growth of polymer crystal at curved 
liquid/liquid interface will be presented and discussed. By following the curved interface, 
PE crystals can grow into curved shape. SEM, TEM, and AFM were used to characterize 
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the hollow structure and mechanical properties. Crystalline structure of the 
lamellaesomes is studied using electron diffraction and XRD.  
In Chapter 7, similarly to chapter 6, PLLA will be used for homogeneous nucleation 
case. In this chapter, apart from the characterization and mechanical property 
measurements of the final hollow crystal shells, we also tested the encapsulation ability 
of the PLLA lamellaesomes. 
Chapter 8 summarizes the important results from the study of polymer crystallization 
at curved liquid/liquid interface and the conclusions will be drawn based on the results. 
Suggestions for future work will be given at the end. 
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Chapter 2: Background 
 
 
Self-assembly or crystallization is a process to organize molecules into certain 
superstructure or crystals based on chemical or physical interaction. The collective 
properties or morphologies of the superstructure open the path to explore the applications. 
To fulfill the self-assembly or crystallization process, a template may be needed. 
Templated self-assembly or crystallization can have control on the final morphology and 
therefore the properties. For example, host crystals can induce the crystallization of 
another molecule, which we call epitaxial growth. The resulted crystal has better control 
on orientation and morphology. Liquid/liquid interface is another widely used template 
for micro-/nanoparticle self-assembly. Depending on the shape of the liquid/liquid 
interface, colloidosome and 2-dimensional (2D) nanoparticle films can be obtained. 
Taking advantage of the interstices among the nanoparticles, colloidosomes possess the 
ability for selective delivery. The nanoparticle films can be crosslinked to produce the 
elastic membrane. Polymersomes are made of amphiphilic block copolymers. The curved 
interface and large empty space inside ensure the high loading capability inside the 
polymersomes. Therefore, polymersomes are widely used for drug carriers, catalyst 
support, nanoreactor, etc. Key products and applications from self-assembly and interface 
are illustrated in Figure 2.1. The rest of this chapter will review the self-assembly and 
crystallization at interface or leading to the formation of curved interface. Special 
emphasis will be devoted on the morphologies and structures.  
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Figure 2.1 Key products and applications from interface. 
 
 
2.1 Self-assembly at liquid/liquid interface 
Liquid/liquid interface has been increasingly used as template for self-assembly of 
colloidal particles.
4
 Particles with wide range of size, from a few nanometers to micron-
size, can be used to fabricate different micro/nanostructure by templating at liquid/liquid 
interface. The final structure can be stabilized by different types of interactions such as 
Van de Walls interaction, hydrogen bonding, and chemical reaction, etc. 
 
2.1.1 Theory of adsorbing colloidal particles at liquid/liquid interface 
 As illustrated in Figure 2.2, spherical or rod-like nanoparticles are absorbed at the 
water/oil interface. The reason why solid particles can be used to stabilize emulsion is 
because of the decrease of the initial interfacial energy E0 to E1, leading to an energy 
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difference ΔE1. Pickering emulsion, discovered by Pickering and Ramsden about a 
century ago, is basically used to describe emulsions stabilized by solid particles.
5
 The 
interfacial energy reduction ΔE1 can be estimated based on the water, oil, and particle 
species.  
For spherical particles with radius r, the interfacial energies between water and oil, 
particle and oil, and particle and water are γO/W, γP/O, and γP/W, respectively. The energy 
difference before and after adsorbing can be expressed in eq. (2-1): 
     
2
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O/W
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EEE                                           (2-1) 
Eq. (2-1) indicates that the energy reduction is size-dependent for a given emulsion 
system (γO/W, γP/O, and γP/W are constant). Large particles can reduce the interfacial tension 
more effectively than small particles. For example, γwater/toluene = 35.7 mN/m, γP/toluene ~15 
mN/m, and γP/water ~40 mN/m, ΔE1 = -5kBT and -10kBT for 2.7 and 4.6 nm core diameter 
CdSe nanoparticles, respectively. The energy reduction of micro-sized particles is much 
larger than thermal energy kBT, usually 10
5
kBT, while that of nano-sized particles is 
comparable to thermal energy. Consequently, the thermally activated escape of 
nanoparticles allows the constant particle exchange at the interface. This size dependence 
allows the nanoparticle assembly to attain its equilibrium structure at the interface.
6
 For 
example, mixtures of two different sized nanoparticles (2.7 nm and 4.6 nm CdSe 
nanoparticles) were put at toluene/water interface. As illustrated in Figure 2.3, the 
relative portion of 4.6 nm increased exponentially at the beginning stage and reached 
equilibrium after ~24h. The phase separation of the nanoparticles at the interface not only 
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confirms the comparable thermally activated energy of nanoparticles desorption, but also 
indicates the size-dependence of the energy reduction.  
Besides spherical particles, rod-like particles can also be used to stabilize the emulsion. 
Typical examples include latex particles
7, 8
, PS-covered gold nanorod
9
, CdSe nanorods
10
, 
and carbon nanotubes
11, 12
. Similarly, the energy reduction due to the rod-like particles’ 
stay at interface, either in a parallel or perpendicular orientation, can be derived 
separately. As illustrated in Figure 2.2b and Figure 2.2c, the corresponding energy 
reductions are
8, 10, 13, 14
: 
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ΔE// is defined as the energy reduction associated with rod-type particles assembly 
when the rods are parallel to the interface, and ΔE┴ is the energy reduction when the rods 
are perpendicular to the interface. R and L are the effective radius and length of the rods, 
respectively, and γO/W, γP/O, and γP/W represent the same things as above. θ is the contact 
angle of the particle at the interface. The penetration depth of the nanorods into the water 
phase is defined as h, when assembled normal to the interface, These arguments predict 
that isolated nanorods are oriented parallel to the plane of the interface so as to maximize 
the interfacial coverage per particle and minimize the Helmholtz free energy of the 
system.
15
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Figure 2.2 (a) Schematic of spherical particles stays at the oil-water interface; Schematic 
of nanorods oriented parallel (b) and perpendicular (c) to the oil–water interface.10, 15 
 
 
 
 
Figure 2.3 size dependence of the relative portion of the 4.6 nm particles in a mixture 
with 2.7 nm particles at the interface. 
6
 
 
 
2.1.2 Self-assembly of nanoparticles at flat liquid/liquid interface 
Self-assembly of colloidal particles at liquid/liquid interface leads to the controlled 
fabrication of nanostructures with unique optical, magnetic, and electronic properties
16, 17
. 
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Flat interface offers a template to fabricate 2D films. Generally, three parameters have 
been found to influence nanoparticles assembling at the liquid/liquid interface: the nature 
of the interface, the surface properties of the nanoparticles, and the effective radius of the 
nanoparticles
18
. To study the mechanism of nanoparticle adsorption to the liquid/liquid 
interface, pendant drop tensiometry and ex situ TEM measurements were used to follow 
the change in interfacial tension. The concentration of Tri-n-octylphosphine oxide 
(TOPO)-covered CdSe (TOPO-stabilized CdSe) nanoparticles/toluene solution was kept 
at 1.58 × 10
-6
 mol L
-1
. The measurements were performed with a water drop immersed in 
the toluene solution at different time. Figure 2.4 shows the interfacial tension of 
toluene/water interface in the presence of 6 nm CdSe nanoparticles. The TEM images in 
Figure 2.5 shows the corresponding TEM images at the time point marked as circle in 
Figure 2.4. Combining these two data sets, three different stages of adsorption can be 
distinguished. At early stage, free nanoparticles diffuse to the interface and loosely 
packed. The interfacial tension continuously decreases fast (ABC part in Figure 2.4). 
When getting more particles and they start to pack, it enters the second stage, during 
which the particles pack closer and form a closely packed particle array, lowering down 
the interfacial tension slowly (DE part in Figure 2.4). At the final stage, the adsorbed 
particles exchange with incoming particles by thermal activation, leading to a tightly 
packed monolayer and only a slow decrease in interfacial tension (EF part in Figure 2.4). 
The logarithmic plot in the inset of Figure 2.4 reveals the three stages with different 
slopes. Combining Figure 2.4 and Figure 2.5, different adsorption stages can be 
quantitatively distinguished. These observations suggest that the formation mechanism of 
a nanoparticle monolayer at liquid/liquid interface is nucleation and growth.
19
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Figure 2.4 Time dependence of the interfacial tension of the toluene/water interface in the 
presence of 6.0 nm CdSe nanoparticles (cCdSe =1.58 × 10
-6
 mol L
-1
). The circles mark the 
time at which the TEM samples were prepared.
19
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Figure 2.5 Series of TEM images of 6 nm nanoparticle adsorption to the toluene/water 
interface at different adsorption times as marked in Figure 2.3: (A) 230, (B) 1060, (C) 
1400, (D) 3514, (E) 4700 and (F) 10 800 s. Structure formation via nucleation and growth 
of clusters can be seen. Scale bar: 40 nm.
19
 
 
 
If the nanoparticles used are stabilized by reactive organic molecules, the monolayer 
can be crosslinked to produce a mechanically robust, highly elastic, and selectively 
permeable membrane. For instance, 2.9 ± 0.2 nm CdSe nanoparticles can be stabilized by 
benzene vinyl ligand. After this kind of nanoparticles were segregated to the 
toluene/water interface, a water soluble radical initiator 2,2’-azobis(2-(2-imidazolin-2-
yl)propane) dihydrochloride (Wako VA-044) can be used to crosslink the formed 
nanoparticles monolayer. As shown in Figure 2.6, the confocal microscope images were 
taken from the resulting sheet suspended in toluene, viewed at three different angles. The 
crumpled morphology was because of the stresses from micropipette manipulation. The 
observation of a structurally intact membrane floating freely in toluene demonstrates that 
the ligands attached to the nanoparticles cross-linked into a continuous, elastic 
membrane
20
.  
 
 
Figure 2.6 Confocal microscope image from different viewing angles of a nanoparticles 
sheet prepared by crosslinking the functional ligands. The scale bars are 50 mm.
20
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In addition to spherical particles, nanorods can also form close-packed film at flat 
interface. For example, TOPO-stabilized CdSe nanorods were allowed to self-assemble at 
toluene/water interface. During the slow formation process, the nanorods exhibit a range 
of 2D structures with different orientations, spanning from a low-density smectic packing 
to a more-dense columnar ordering to a crystalline-like phase (Figure 2.7). By controlling 
the interfacial energy between different liquids and nanoparticles, the aspect ratio of the 
nanorods, and their concentration, the lateral packing of the nanorods can be varied. Such 
control over self-assembly is key in designing hierarchically ordered structures that will 
open new opportunities in fabricating optical, acoustic, electronic, and magnetic materials 
and devices.
7, 21, 22
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Figure 2.7 TEM image of a CdSe nanorod-stabilized water droplet after drying on a 
carbon-coated copper grid.
10
 
 
 
Carbon nanotubes are materials with fascinating electronic properties and mechanical 
properties. Structurally, they can also be considered as rod-like nanomaterials. For 
fulfilling the requirements of the various applications such as energy storage and energy 
conversion devices, sensors, field emission displays and radiation sources, hydrogen 
storage media, nanometer-sized semiconductor devices, probes, and interconnects
23
, 
tailor-made assembly of SWCNTs is important. A few techniques such as self-assembly, 
Langmuir-Blodgett (LB) technique, layer-by-layer assembly, and liquid/liquid interface 
assembly have been reported to obtain SWCNTs films with different morphology and 
properties. For example, self-assembly of SWCNTs at solid substrate from aqueous 
solution gives ordered film due to the maximization of van der Waals interaction between 
the near-neighbor SWCNTs
24, 25
. From organic solvent, LB method achieved monolayer 
of aligned SWCNTs with dense packing which is readily patterned for device integration 
by microfabrication
26, 27
. By non-covalent adsorption of ionic and naphthalene or pyrene 
derivatives on nanotube sidewalls, multilayers of all SWCNTs can be assembled by 
layer-by-layer strategy
28
. Liquid/liquid interface assembly is an efficient method to 
fabricate closely packed SWCNT ultrathin film, as exampled in Figure 2.8. In addition, 
no treatment was needed before assembly the SWCNTs at liquid/liquid interface which 
maintained the good surface integrity of the SWCNTs and other electronic and optical 
properties. Briefly, The SWCNTs were dispersed in water with the help of SDS, and the 
liquid/liquid interface was created using water and hexane. By adding ethanol to trigger 
desorption of SDS from nanotubes, the SWCNTs gradually assembled at the liquid/liquid 
interface to minimize the interfacial energy. As the desorption-assembly process going 
14 
 
slowly, the film formed was ultrathin (around 3-8 nm). The density could be controlled 
by different amount of ethanol
11
.  
 
 
Figure 2.8 SEM image of the SWCNT ultrathin film fabricated with the addition of 5 vol% 
of ethanol. About 10 g/mL of SWCNT dispersion was used as a water phase. 
 
 
In addition, by utilizing the energy difference of rod-like materials self-assembly at 
liquid/liquid interface, interfacial trapping can be used to remove the big SWCNTs 
bundles to purify the SWCNTs samples. Specifically, bundles of SWCNTs with larger 
diameter and longer length will cause more energy reduction when trapped at the 
interface than individual SWCNTs do, as eq. (2-2) suggested. As illustrated in Figure 
2.9a, mixture of individual and bundled SWCNTs was used to prepare a homogeneous 
toluene/water emulsion. After emulsification and coalescence, bundled SWCNTs will 
prefer to stay at the liquid/liquid interface due to the relatively larger interfacial energy 
reduction. Thus, by removing the interfacial area, bundles can be removed and the 
15 
 
SWCNTs sample can be purified.
29
. Figure 2.9b shows the adsorption process of an 
individual and bundle of nanotubes at the interface of the oil and water phases. The 
interfacial energy reduction by a SWCNT can be calculated using eq. (2-4). It is 
estimated that ΔE is approximately -200kT for an individual nanotube and -4500kT for a 
bundle of the same length containing 7-10 nanotubes. 
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Figure 2.9 (a) Overall process of removing SWCNT bundles from aqueous suspensions 
via liquid/liquid interfaces. (b) Adsorption process of an individual or bundle of 
nanotubes at the interface of the oil and water phases. Prior to interfacial trapping, 
individual or bundled nanotubes are dispersed in the aqueous phase. After mixing, the 
nanotubes assemble at the interface. Bottom of (b) is showing the end of a nanotube at 
the interface where R is the radius of an individual or bundled nanotube and θ is the 
contact angle measured into the water phase. 
29
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2.1.3 Self-assembly of nanoparticles at curved liquid/liquid interface 
Curved liquid/liquid interfaces can be created by using emulsions, either water-in-oil or 
oil-in-water. Besides self-assembly into monolayer structure, small nanoparticles can also 
segregate at curved fluid interface. Figure 2.10A shows a fluorescence confocal 
microscope image of water droplets dispersed in toluene, where the 4.6 nm core diameter 
CdSe nanoparticles were assembled at the interface. The detailed structure was analyzed 
using AFM and TEM after drying the assembled structure. Figure 2.10B shows an optical 
microscope image of several nanoparticle-stabilized water droplets that were isolated and 
dried on a silicon substrate. The collapsed layers of nanoparticles had a thickness which 
was twice the thickness of the ligand-covered nanoparticles, indicated by the AFM height 
profile in the inset of Figure 2.10B. TEM data in Figure 2.10C indicates that no long-
range order was observed in the dried nanoparticle assembly. The mean interparticle 
spacing of 7.2 nm was comparable to the effective diameter of the CdSe core and the 
organic ligands. 
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Figure 2.10 (A) Fluorescence confocal microscope image of water droplets dispersed in 
toluene, covered with CdSe nanoparticles. (B) Differential interference contrast optical 
microscopy image of dried droplets on a silicon substrate. Inset: AFM height section 
analysis. (C) TEM image of a dried droplet. Inset: Autocorrelation function of the TEM 
image. 
 
 
Self-assembly of micro-sized colloidal particles at curved liquid/liquid interface forms 
capsules, which are the so-called colloidosomes
30
. Before Dinsmore named this structure 
colloidosomes in 2002
30
, similar structure has been reported in 1996
17
. In the early work, 
the polystyrene (PS) latex microparticles were positively or negatively modified before 
assembly at octanol/water interface. The size, shape, and morphology of the 
supraparticles can be tuned by tailoring the emulsions and interaction of the 
microparticles. For later on colloidosomes, as shown in Figure 2.11A, colloidal 
particles/solvent solution was mixed with water phase to create emulsion. After the 
curved liquid/liquid interface was created, the colloidal particles diffused to the interface 
and formed a closely packed shell. The particles-surrounded water droplets could be 
transferred to the water phase. Figure 2.11B shows the SEM image of the colloidosomes 
after sintering at 105 ˚C to lock the capsule. The close-up image of Figure 2.11C and D 
indicates the linkage between the contact particles and the interstitial areas on the surface 
of the colloidosomes, which provided a good pathway for the diffusion.  
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Figure 2.11 (A) Colloidal particles self-assembly at water/oil interface. The formed 
capsules can be transferred into water phase and can be collected later on. (B) SEM 
image of a dried, 10-μm-diameter colloidosomes composed of 0.9-μm-diameter PS 
spheres and sintered at 105°C for 5 min. (C and D) Close-ups of (B) and (C), respectively. 
The arrow points to one of the 0.15-μm holes that define the permeability. The 
colloidosomes were washed with ethanol and dried in vacuum before examined with the 
electron microscope.
30
 
 
 
In addition to crosslinking the nanoparticles to obtain an integrate membrane and avoid 
disrupture during transferring, another strategy is to take advantage of the core phase. A 
gelled aqueous phase can be liquid core at high temperature and solid core to support the 
membrane at low temperature. For example, as schemed in Figure 2.12, the phase of the 
core part can be easily changed by changing the temperature because it is a gel state 
composed with agarose aqueous solution. Two strategies were investigated to strengthen 
the colloid monolayer shell of the colloidosomes: 1) using glutaraldehyde to crosslink the 
amine-functionalized particles within the colloidosomes membrane; and 2) swelling the 
colloidal monolayer in tricaprylin oil. Crosslinking was found to improve the quality and 
integrity of the monolayer shells and the retention of particles upon transfer significantly. 
And swelling facilitated the formation of capillary bridges of the swollen PS on the 
capsule surface.
31
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Figure 2.12 Schematic of preparation of the colloidosomes microcapsules of polymeric 
particles and aqueous gel cores.
31
 
 
 
For the curved liquid/liquid interface template method, the particles used to prepare 
colloidosomes can have a wide range of size, from a few nanometers to microns. The 
physical properties of the colloidosomes, such as the mechanical properties and 
permeability, can be tuned by wisely selecting desired particles, particle surface 
modifications, and liquid/liquid interfaces. Later on, nanoparticles such as sulfonated PS 
particles (Figure 2.13a)
32
, PS particles (Figure 2.13b)
30
, amine PS particles (Figure 
2.13c)
31
, poly(DVB-55) porous particles (Figure 2.13d)
33
, polymeric microrods (Figure 
2.13e)
34
, have been used to prepare colloidosomes. Different sized PS particles can be 
assembled over mineral oil droplets, with the possibility to construct a so-called Janus-
armor with this system, that is, a colloidosomes with two hemispheres, produced from the 
20 
 
ordered and separated packing of two different kinds of particles at each half of the shell 
(Figure 2.13f)
35
. The selective permeability of the colloidosomes is from the interstitial 
pores between the spheres packed at the interface. Only objects smaller than the pore size 
can be permeable to the capsules. Their mechanical properties were confirmed to be very 
tough by measuring the internal osmotic pressure and shell stiffness
36
 and can be 
enhanced by fixing the nanoparticles used to prepare the capsules through sintering
30
 or 
ligand crosslinking reaction
20
. Due to the big empty space inside and the permeability of 
the colloidosomes, they can be used for controlling release. For example, colloidosomes 
made of latex particles can be used to act as a pH-responsive system to control the release 
of the water-soluble species like Dextran
37
. Colloidosomes made from PS particles and 
crosslinked with polyacrylamide linker can be used to load water-soluble cargo and 
perform triggered release
38
.  
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Figure 2.13 Different colloidosomes obtained with the soft template method: (a) 
PS/melamine-formaldehyde composite assembled on an oil-in-water droplet
32
. (b) PS 
particles assembled on a vegetable oil/toluene-in-water emulsion
30
. (c) Amine PS 
particles assembled on a water-in-sunflower oil droplet
31
. (d) Poly(DVB-55) porous 
particles assembled on a p-xylene-in-water droplet
33
. (e) Polymeric microrods assembled 
on an agarose gel bead in tricaprylin
34
. (f) PS particles assembled in a Janus arrangement: 
the upper half made with 4.9 μm particles and the lower half with 4 μm particles35. 
 
 
 
2.2 Self-assembly forming curved interface 
In the previous section, we discussed the self-assembly at curved liquid/liquid interface, 
showed a few examples of forming different kinds of colloidosomes. In this section, we 
will focus on the self-assembly that leads to the formation of curved interface.  
 
2.2.1 Liposomes and polymersomes 
    Amphiphilic molecules self-assembly process involves the interplay of 
thermodynamics, interaction  forces, and molecular geometry.
39
 For lipids, once the 
concentration is above the critical micelle concentration (CMC) of ~10
-10
 M, vesicles 
emerge as thermodynamically stable, homogeneous structures.
39, 40
 The left panel of 
Figure 2.14 shows the typical TEM image of liposomes, which formed from the self-
assembly of lipids. The liposome membrane is a bilayer structure of the lipids with a 
thickness around 3nm. Due to the superior biocompatibility and encapsulation ability, 
several liposome based pharmaceutical products have been approved by the US FDA.  
Borrowing the concept from liposome for lipid vesicles, polymersomes are basically 
polymer vesicles, which are self-assembled from amphiphilic block copolymers
1, 2
. As 
shown in Figure 2.14 right panel, typical polymer vesicles, polymersomes, have a similar 
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structure with liposome, just made with much larger amphiphilic molecules.  The size of 
vesicles can range from tens of nm to tens of microns, depending on the molecular weight 
of the polymers used and the organic solvent for assembly
41
. The final morphology of the 
polymersome is strongly related to the molecular weight and block ratio of the 
amphiphilic block copolymers. The hydrophilic and hydrophobic block ratio basically 
determines the shape of the molecules, and thus determines the final structures whether it 
is vesicles, cylindrical micelle, or spherical micelle, as detailed shown in Figure 2.15a. 
Only when the hydrophilic block occupies 25-40% volume of the whole molecule can 
they self-assemble into a vesicle. The molecular weight will give different membrane 
thickness. The membrane thickness is critical to the stability as well as the diffusion rate 
of the vesicle. The thickness of the membrane of the polymersomes strongly relates to the 
molecular weight of the block copolymers, as illustrated in Figure 2.15b. It can be 
empirically written in the form of a scaling law in eq. (2-5)
1
 and has been confirmed by a 
molecular dynamics simulation
42
.                                         
                            )55.0(~ bMWd bh                                                                   (2-5) 
Due to the increased membrane thickness compared to liposomes, polymersomes 
possess enhanced mechanical and structural stability
2
. Similarly to liposomes, not only 
single drugs such as adriamycin
43
, paclitaxel and doxorubicin
44
 can be loaded into 
polymersomes, but also multiple drugs: water-soluble ones at the inner volume and 
hydrophobic ones in the membrane layer
45-47
.  
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Figure 2.14 Comparison between liposome and polymersome.
2, 48
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Figure 2.15 (a) Schematics of block copolymer fractions with respective cryogenic TEM 
images showing vesicles or worm micelles and spherical micelles. (b) Schematic scaling 
of polymersome membrane thickness with copolymer molecular weight (MW). PEG, 
polyethylene glycol. 
1
 
 
 
2.2.2 Morphological control of polymersomes 
There are three major factors that influence the formation of thermodynamically stable 
block copolymer aggregates of various morphologies: 1) the degree of stretching of the 
core-forming blocks; 2) the interfacial tension between the micelle core and the solvent 
outside the core, and 3) the repulsive interactions among corona-forming chains. 
Therefore, the final morphologies of the block copolymer self-assembly structures can be 
controlled through any of these three contributions, e.g. through variations in copolymer 
composition and concentration, water content in the solution, nature of the common 
solvent, presence of additives such as ions or homopolymers, etc.
49, 50
 To systematically 
study and quantitatively describe the effects of two or more factors on the morphologies, 
phase diagrams have been constructed. Figure 2.16 shows two examples. Figure 2.16a 
presents a morphological phase diagram of polystyrene-b-poly(acrylic acid) (PS310-b-
PAA52, the number indicates the degree of polymerization at each block) in dioxane–
water mixtures as functions of copolymer concentration and water content. To prepare 
vesicles using PS310-b-PAA52, firstly, a solvent (dioxane) which was suitable for both 
blocks was chosen to dissolve the diblock copolymer. Secondly, adding water to drive the 
aggregation of PS block since water was a poor solvent for PS, and increasingly 
established an interfacial tension. Solvent nature changes also tended to alter the 
preferred polymer geometry. So Figure 2.16a shows a morphological evolution from 
spheres to rods to vesicles as water was added.
51
 Figure 2.16b shows a map of isothermal 
plane of the molecular weight versus concentration phase diagram of poly(butylene 
25 
 
oxide)-b-poly(ethylene oxide) (PBO-b-PEO) where the amphiphile contained a 
hydrophobic fraction of around 0.7. By varying the molecular weight and concentration 
in water of the block copolymer, a few different morphologies could be obtained, from 
semicrystalline lamellae, to hexagonal rods, to packed vesicles, etc.
52
  Constructing a 
phase diagram not only provides a qualitative insight into the overall thermodynamic 
features of importance in the self-assembly process, it also allows the rapid preparation of 
aggregates of specific morphologies.
53
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Figure 2.16 (a) Phase diagram of PS310-b-PAA52 in dioxane–water as functions of 
copolymer concentration and water content. The colored regions between sphere and rod 
phases and between rod and vesicle phases correspond to coexistence regions.
51
 (b) Phase 
diagram of PBO-b-PEO in water as functions of molecular weight and copolymer 
concentration.
52
 
 
 
Apart from the different morphologies, the size of vesicles can also be tuned by the 
nature of the solvent. For the PS300-b-PAA44 vesicles, as presented in Figure 2.17a, when 
more water was added, the PS block which did not like water needed to continuously 
avoid hydration and thus the interfacial energy between the wall and the solvent outside 
the wall increases. In response to that, the PS block tended to straighten the interface and 
increase the vesicle size. This process is completely reversible as more THF/dioxane is 
added, the vesicle size went back. However, the wall thickness d appeared to stay nearly 
constant and implied an increase in the mass of any given vesicle. Fusion and fission 
mechanisms were suggested to explain how the size changes when changing the nature of 
the solvent.  As shown in Figure 2.17b, the fusion steps could be described as contact and 
adhesion of two vesicles, coalescence and the formation of a center wall, destabilization 
of center wall, and finally, formation of uniform outer wall. On the contrary, the fission 
process involves elongation of the vesicle, formation of an internal waist, narrowing of 
the external waist, and complete separation at the end.  
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Figure 2.17 (a) Reversibility of vesicle sizes in response to increasing or decreasing the 
water content for PS300-b-PAA44 vesicles in a THF–dioxane (44/56 w/w) mixture. (b) 
Fusion and fission mechanism of vesicles size change.
51
 
 
 
2.2.3 Mechanical properties of polymersomes 
To design microcapsules for specific tasks, it requires understanding and controlling 
their physicochemical properties, besides the chemical properties of the materials, but 
also the release mechanisms for specific application. In some cases, burst release is 
needed for the disease area, then a robust capsule is desirable to avoid the rupture during 
delivery and the release can be triggered by ultrasound
54-57
. In other cases, due to the side 
effects or other reasons of the drug, steady slow release is preferred. Then the membrane 
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should be able to be swollen, expanded, or degraded by pH-, ions, heat, light, or other 
stimulus to achieve certain diffusion paths for the drugs to come out
58-60
. The mechanical 
properties of microcapsules are very important for stability. During the path to pursue 
higher stability (robustness) to avoid membrane rupture due to wear and tear, it is also 
necessary to consider that the rupture may serve as a pathway for the fast and efficient 
release and thus be desirable under certain conditions.  
There are several techniques can be used to measure the mechanical properties of 
single capsules. For large cells (a few mm), parallel plates compression can be used to 
estimate the surface force and elastic modulus
61, 62
. This technique is refined later to be 
capable of monitoring the shape during compression
63-66
.  For cells having a size around 
tens of microns, cell indentation can be used to determine the mechanical properties
67-69
.  
For capsules and polymersomes with a size range of microns to tens of nanometer, 
micromanipulation
2
 and AFM indentation
70-75
 are suitable techniques to measure the 
mechanical properties of individual capsules. 
2.2.3.1 Micromanipulation 
    Micron-size “giant” polymersomes allow for detailed characterization of membrane 
properties by single-vesicle micromanipulation methods. Figure 2.18A shows a 
polymersome with a diameter ~30 μm. The surface was a little rough because of the 
relaxed state. The polymersome has high encapsulation ability, as presented in Figure 
2.18B which was the 10-kD Texas Red labeled dextran loaded polymersome. Figure 
2.18C and D are the image of the vesicle that was aspirated by the negative pressure from 
a micropipette. The mark in Figure 2.18C and D indicates the area expansion and the 
pressure applied.  
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Figure 2.18 Vesicles made of EO40-EE37. (A) Vesicle immediately after electroformation, 
(B) Encapsulation of a 10-kD Texas Red labeled dextran. (C and D) Microdeformation of 
a polymersome. The arrow marks the tip of an aspirated projection as it is pulled by 
negative pressure into the micropipette. 
 
 
After applying the negative pressure from the micropipette to the polymersome, the 
thermally undulating polymersome membrane was progressively smoothed. The 
projected area increases logarithmically with tension, τ, (Figure 2.19A). From the slope 
of this increase versus the fractional change, α, in vesicle area the bending modulus, Kb, 
was calculated to be 1.4±0.3 ×10
-19
 J. Above a crossover tension, τx, a renormalized area 
expansion modulus, Ka, was obtained to be 120 ± 20 mN/m. 1-stearoyl-2-oleoyl 
phosphatidylcholine (SOPC) in parallel manipulations was found to have Ka ~180 mN/m 
(Figure 2.19B) and Kb ~ 0.8×10
-19
 J. Elastic behavior terminates in membrane rupture at a 
critical tension and areal strain, αc. As the asterisk in Figure 2.19B shown, the 
polymersome has a much larger areal expansion than liposome (0.19 versus 0.05). 
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Figure 2.19 (A) Membrane elasticity revealed in membrane tension versus areal 
expansion. Filled and open circles indicate aspiration and graded release, respectively. 
The upper left inset shows the distribution of measurements for the bending modulus, Kb, 
as obtained from the initial phase of aspiration. The lower right inset shows the 
distribution of measurements for the area expansion modulus, Ka, as obtained from the 
linear phase of aspiration. (B) Membrane toughness determined by aspiration to the point 
of rupture (asterisk). For comparison, aspiration to the point of rupture of an 
electroformed SOPC lipid vesicle is also shown. 
 
 
    Figure 2.20 represents the physical properties of vesicles versus molecular weight of 
the constituent amphiphiles. As the molecular weight of the amphiphiles increases, the 
membrane thickness increases which leads to the increase of stability and decrease the 
lateral mobility and permeability of the membrane. The membrane properties changes 
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dramatically when the molecular weight becomes larger than 10
3
, this is because the long 
molecule chains are sufficient to entangle during self-assembly. 
 
 
Figure 2.20 Schematic plot of typical physical properties of vesicles versus molecular 
weight of the constituent amphiphiles 
 
 
2.2.3.2 AFM indentation 
To measure the mechanical properties of both lipid and polymeric vesicles with the 
sizes in the range of micrometers, micropipette aspiration method has been discussed in 
the previous section. However, that method cannot be applied for nanometer-sized 
vesicles due to the diffraction limited optical detection as well as the inner diameter of 
the micropipette. To obtain quantitative information about Young’s modulus/stiffness on 
a sub-micrometer scale for soft materials, it is important to apply a local probe using 
small deformation (Figure 2.21a). AFM is an ideal tool that allows not only imaging 
surfaces with nanometer resolution but also locally probing interactions like adhesion and 
friction. In addition, analytical solution has been derived for simple shell geometry and 
simple loading conditions in classical shell (ratio between wall thickness and shell radius 
is smaller than 1/10 
76
) theory. For small deformation, Reissner
77, 78
 gave the result for 
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shallow spheres and it is equivalent to the shell geometry at small deformation. The 
normal displacement of the pole, d, under point loading with force P is given by eq. (2-6).  
                     
2
2
4
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
                                                                   (2-6) 
Here, ν is Poisson ratio, R is the radius of the shell, h is shell thickness, E is material 
modulus. Stiffness of the shell can be easily obtained by re-writing eq. (2-6) to eq. (2-7) 
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R is the radius of the lamellaesome which can be calculate from the AFM height 
profile using equation (2-8).  
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Here, W and H are the width and height from the AFM height profile, respectively. 
The validity of equation (2-6) is restricted to small deformation, because it is 
derived based on an assumption referred to as small-perturbation hypothesis.
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The membrane bending modulus Ebend of a capsule with size R made with 
material with Young’s modulus E can be calculated using equation (2-9): 
                    
)1(12 2
3
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E                                                                  (2-9) 
The large deformation of spherical shells under a point load is dominated by buckling. 
Assuming the deformation energy is localized on the rim of the formed dimple (Figure 
2.21b)
80
, the deformation under a point load P was obtained by Pogorelov
81
, as illustrated 
in eq.(2-10):  
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Figure 2.21 Deformation of a spherical shell under a point load (loading situation prior to 
deformation as indicated on a). The shell reacts with a buckling instability for forces 
above a critical force (b).
82
 
 
 
 
In general, the small deformation region is used to get the stiffness and modulus of the 
hollow nanospheres. For example, mechanical properties of Poly(dimethylsiloxane)-
block-poly(2-methyloxazoline) (PDMS-b-PMOXA) polymersomes were probed by AFM. 
The polymersomes have an average diameter of 270 nm and shell thickness 16 nm
73
. The 
measurements were conducted in liquid cell. As the representative force versus distance 
data shown in Figure 2.22, mechanical properties from individual polymersomes can be 
obtained. By fitting the left part of the force-distance spectrum with eq.(2-6), the vesicle 
stiffness kmem can be obtained. Taking into consideration of the shell geometry, the 
average bending moduli is determined to be E = 17 ± 7 MPa
73
. Similarly, for PS-b-PAA 
polymersomes with different membrane thickness, the membrane stiffness is measured to 
be in the order of 10
3
 pN nm
-1
, slightly increasing as the membrane thickness increases. 
And the corresponding bending moduli are around 50 MPa, slight decreasing as the 
membrane thickness increases
71
.  
a b
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Figure 2.22 Representative force vs distance data obtained on a single PDMS-b-PMOXA 
polymersome.
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2.3 Interfacial crystallization 
    In the following part, we will discuss interfacial crystallization of polymers, including 
polymer crystallization at solid/air interface (basically epitaxial growth of polymer 
crystals), solid/liquid interface (heterogeneous nucleation and growth), and liquid/liquid 
interface. 
2.3.1 Epitaxial growth of polymer crystals 
Epitaxy, meaning “on arrangement”, is most generally defined as the crystals of one 
phase (guest crystal) growing on the surface of a crystal of another phase (host crystal) in 
one or more strictly defined crystallographic orientations.
83
 The study on polymer epitaxy 
started in the 1950s with the pioneer work of Willems and Fischer.
84
 Later on, researchers 
have reported that polymer epitaxy could be realized on inorganic,
85-87
 organic,
88-90
 and 
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polymeric substrates
91-93
 from solution, melt, and vapor phases. In this dissertation, we 
will provide a couple of examples of the new developments of polymer epitaxy on 
polymeric substrates from melt.  
Epitaxial crystallization of polymer always leads to an alignment of the polymer chains 
in the film plane, regardless of the film thickness and crystallization temperature. The 
chain orientation in the film can, however, be different, depending on the substrate. Two 
kinds of mutual chain orientations of the deposited polymers with respect to that of the 
substrates were manifested for polymer epitaxy: 1) parallel chain alignment of epitaxial 
pairs,
94
 and 2) the deposited polymer chains at fixed angles from the substrate molecular 
chains.
95
 Figure 2.23 shows the example of different PE chain orientation grown 
epitaxially on melt-drawn uniaxially orientaed isotactic polypropylene (iPP) and friction 
transfer oriented poly(tetrafluoroethylene) (PTFE) substrates, respectively. In Figure 
2.23a, the molecular chain orientation of PE ± 50˚ apart from the chain direction of iPP 
substrate crystals, producing a crosshatched lamellar structure of PE, while in Figure 
2.23b, a parallel chain alignment is identified for the PE/PTFE system, which induces a 
parallel aligned lamellar structure of PE. 
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Figure 2.23 TEM image and the corresponding electron diffraction patterns (insets of the 
BF images) of (a) PE/iPP
96
 and (b) PE/PTFE double-layered samples, which were heat-
treated at 150 ˚C for 10 min and subsequently cooled to room temperature. The arrows 
show the chain directions of the corresponding substrate crystals.
95
 
 
 
Besides that the two crystal orientation mentioned above through surface-induced 
polymer epitaxy, other epitaxial systems have been demonstrated to be able to regulate 
both the structure and orientation of the deposited polymers. For instance, 
poly(vinylidenefluoride) (PVDF) can crystallize into piezoelectric and pyroelectric β-
form through epitaxial crystallization from the melt onto a potassium bromide (KBr) 
surface at atmospheric pressure.
97
  Figure 2.24 presents the typical morphology of β-form 
crystal in thin regions. It consists of lamellar crystals standing on edge and aligned in the 
two <110> directions of the KBr substrate. Electron diffraction from the epitaxially 
grown crystals is seen to lie in two orthogonal reciprocal lattice grids, in agreement with 
the morphological evidence.  
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Figure 2.24 Typical morphology of β-crystals grown epitaxially from the melt on KBr. 
Inset is the electron diffraction pattern from the β-crystals (rotated ~45˚ with respect to 
the field).
97
 
 
 
Moreover, the epitaxial growth is generally based on the structural similarity between 
the substrate and overgrowth materials in the contact lattice planes. A lattice mismatching 
of 10-15% is generally considered as the upper limit for the occurrence of the surface-
induced epitaxial growth.
98
 The structural similarity implies interactions at the molecular 
scale. For example, the epitaxial crystallization of PE on an iPP substrate has been 
explained in terms of a chain-row matching by parallel alignment of PE chains in the 
(110) lattice plane along the methyl group rows in the [101] direction of iPP with a 
mismatch of only about 2%,
99
 as the sketch shown in Figure 2.25.  
 
 
Figure 2.25 Schematic representation of PE/iPP epitaxial relationship. The contact planes 
are (100)PE and (010)iPP.
96, 100
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2.3.2 Interfacial crystallization in solution 
Solution crystallization happening at solid/liquid interface mainly refers to the 
heterogeneous nucleation process. In a solution, if foreign particles exist, the nucleation 
at the solid/liquid interface is called heterogeneous nucleation, and the free energy cost of 
forming the nucleus is typically lower than in the bulk which is called homogeneous 
nucleation. For crystalline polymer solutions, a number of different particles can serve as 
a solid surface to induce the nucleation and the following crystallization. As illustrated in 
Figure 2.26, 0-dimensional nanoparticles, 1-dimensional (1D) fibers, and 2D plates can 
be used to induce the nucleation of polymers onto their surfaces. Depending on the 
polymer crystals and fillers used, different hybrid structures, such as Hybrid shish–
calabash structure (HSC), Hybrid shish–kebab (HSK), and Transcrystallinity (TC), can 
form.  
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Figure 2.26 Schematic representation of various fillers that can serve as solid/liquid 
interface for polymer crystallization at interfaces. 
101
 
 
 
 
Solid/liquid interfacial crystallization is a fantastic strategy to form composites 
materials.  It offers a possibility to enhance the polymer/filler interaction via non-
covalent bonding, which ultimately will influence the final properties of the composites. 
For instance, fillers with ultrahigh mechanical strength are regarded as ideal 
reinforcement elements to tailor the mechanical properties of polymers. As demonstrated 
in Figure 2.27, by adding different amount of different interfacial crystallization 
structures could lead to the enhancement of tensile strength.  
 
 
 
 
Figure 2.27 Mechanical reinforcements in crystalline polymer/inorganic fiber composites 
induced by different interfacial crystallization superstructures. 
101-104
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The formation mechanisms of hybrid crystalline structures are mainly based on the 
enhanced nucleation on the surface of fillers. Typically, the formation mechanisms can be 
summarized as: epitaxy and soft-epitaxy, chemisorptions, and stress or strain induced 
interfacial crystallization
101
. In this context, we will devote the discussion to explaining 
the epitaxy and soft-epitaxy mechanism as those are closely related to our work.  
Epitaxy is defined as the oriented overgrowth of one phase (guest crystal) on the 
surface of a crystal of another phase (host crystal) in one or more strictly defined 
crystallographic orientation.
83, 98
 The epitaxial match could be due to a unit-cell 
dimensional match or crystal structure similarity between the crystalline filler and 
polymer matrix. Polymer epitaxial crystallization on fillers was first observed in 1958 by 
Willems
105
 and Fischer
106
. Since then, a variety of fillers, such as graphite
107-110
, mica
107
, 
and so on, have been reported to induce polymer interfacial crystallization on their 
surfaces. For example, the dimension of graphite crystal unit-cell lattice (2.46 Å) is very 
close to the dimension of the PE crystal cell along the c-axis (2.55 Å), which could result 
in the epitaxial crystallization of PE on the surface of graphite, with the PE chain 
direction (c axis) parallel the basal plane of the graphite sheets with an epitaxial relation 
(0001) <2−1−10>RGO // (110) ⟨001⟩PE.
107, 110
 In addition to 2D plate, large fibers such as 
carbon fibers can also serve as the epitaxial host crystal due to the matching of carbon-
carbon conformation.
111
 
However, in some cases, the fillers have a very small diameter, such as carbon 
nanotubes and nanofibers, close to or smaller than the radius of gyration of polymers. The 
strict lattice match will not apply in these conditions due to the curvature of the small 
diameter fillers. The geometric confinement effect becomes more apparent. Li et al 
proposed the size-dependent soft-epitaxy mechanism to interpret these phenomena.
112-115
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To compare the mechanism of epitaxy and soft epitaxy, a schematic representation is 
shown in Figure 2.28 to demonstrate the process of these two mechanisms. For epitaxy, 
the host object, here the 2D lamellar fillers (see Figure 2.28(a)) or fibers, should have a 
diameter much larger than radius of gyration (Rg) of the guest molecules, here is the 
polymer (see Figure 2.28(b)). So the interfacial crystallization of polymer matrix on such 
fillers may strictly obey the epitaxial relationship. As shown in Figure 2.28(a) and (b), at 
first, the polymer molecular chains will adsorb onto the surface of the 2D lamellar fillers 
or fibers due to physical interactions at some locally high concentration area. Then these 
molecular chains will be orientated and nucleated on the surface of fillers obeying 
epitaxial relationship strictly. Consequently, it forms the superstructure with polymer 
lamellae oriented differently on the surface of the filler due to the various crystal 
orientations on the surface of fillers. For soft epitaxy, the host object, here the nanofillers 
such as CNTs, has a diameter similar to or even smaller than the radius of gyration (Rg) 
of polymer. Due to the geometric confinement, the polymer chains are exclusively 
parallel to the long axis of these kinds of fillers, as shown in Figure 2.28(c). As a result, a 
novel NHSK structure with polymer crystal lamella all perpendicular to the long axis of 
such fillers is obtained.
101
 For NHSK, people also suggested another mechanism: a 
homogeneous coating of polymer chains on its surface with few subglobules were first 
induced by CNTs, then the polymer chains expand from these subglobules and form 
lamellar crystals perpendicular to the CNT axis.
116, 117
 But the final structure is the same: 
all the kebabs grow perpendicular to the long axis of the nanofibers. So the geometric 
confinement is the essential factor here.  
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Figure 2.28 A schematic representation of epitaxy and soft epitaxy: (a) the interfacial 
crystallization process of two dimensional lamellar fillers obeying epitaxy mechanism; (b) 
fibers with a diameter much larger than the radius of gyration (Rg) of the polymer 
obeying epitaxy mechanism; and (c) fillers with a diameter similar or smaller to the 
radius of gyration (Rg) of the polymer obeying soft epitaxy mechanism.
101
 
 
 
 
2.3.3 Interfacial crystallization at liquid/liquid interface 
The liquid/liquid surface possesses unique thermodynamic properties such as viscosity 
and density. Due to the vicinity of the interface to both phases, reactants from both 
phases can only meet at the interface and reaction can only happen at the liquid/liquid 
interface. The new material formed at the interface will form an ultrathin crystalline film 
at the liquid/liquid interface. For instance, Au(PPh3)Cl (Ph= phenyl) is a good precursor 
to synthesize nanocrystalline gold film and can be dissolved in toluene. 
Tetrakishydroxymethylphosphonium chloride (THPC) is the reducing agent
118
 and can 
dissolve in water. Procedurally, NaOH aqueous solution was put in a 100 mL beaker at 
300 K first, Au(PPh3)Cl/toluene solution was put on top of water layer. After a stable and 
clean interface formed, THPC was slowly injected to the aqueous layer with minimal 
Epitaxy
Epitaxy
Soft epitaxy
Adsorption        Orientation       Nucleation          Crystal growth
(a)
(b)
(c)
Polymer chains
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disturbance to the organic layer. A pink coloration of the interface indicated the onset of 
reduction of the gold salt and the color intensified as the reaction proceeded, resulting in 
a robust film at the interface in the end, as shown in Figure 2.29(a). TEM images in 
Figure 2.29(b-e) show the gold nanocrystals ultrathin films prepared at different 
temperatures. They all formed a closely packed film with monodispersed gold 
nanoparticles with a size from 7 to 16 nm and interparticle distance ~ 1 nm. The single 
crystalline nature of the nanoparticles was revealed by the high-resolution transmission 
electron microscope (HRTEM) image given as an inset in Figure 2.29. The image shows 
the (111) planes of gold, separated by a distance of ∼2.3 Å. Alternative liquid/liquid 
interfaces to prepare such nanocrystalline films could be CCl4-water and butanol-water. 
Besides temperature, other reaction parameters such as reaction time, concentrations of 
the metal precursor and the reducing agent, and the viscosity of the aqueous layer can 
also affect the nature and properties of the nanocrystalline films, which is the interesting 
feature of this method.
18
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Figure 2.29 (a) Nanocrystalline films of Au prepared from toluene-water interface; TEM 
images of the ultrathin nanocrystalline Au films obtained at the toluene-water interface 
after 24 h at (a) 30, (b) 45, (c) 60, and (d) 75 °C. Histograms of particle size distribution 
are shown as insets. The scale bars are 50 nm. A high-resolution image of an individual 
particle is shown at the center.
18, 119
 
 
 
 
    Polymer crystallization at liquid/liquid interface has not been reported a lot. Recently 
Nuaje and his co-workers reported an interfacial polymerization-crystallization technique 
to fabricate a highly conducting polymer nanostructure. The advantage of this technique 
was that the conductive polymers could achieve much higher degree of crystallization in 
order to obtain higher conductance. The interface they used was water/dichloromethane 
(DCM) flat interface. As shown in Figure 2.30, a quite liquid/liquid interface was 
obtained by putting a layer of DCM at the bottom of water. The monomers, aniline or 
pyrrole, were dissolved in DCM layer (1 mg/mL) and the oxidant, ferric chloride, was 
dissolved in water layer (0.1 mg/mL). After the interfacial system was established, the 
polymerization and crystallization process were allowed for 48 hours. The TEM image in 
Figure 2.30b shows the nanoneedles of polyaniline (PANI) with an average size of 63 by 
12 nm. The average length and diameter of polypyrrole (PPY) are 70 and 20 nm as 
shown in Figure 2.30d. Through oxidation-reduction reaction between PANI or PPY 
monomer from the organic layer and ferric chloride from the aqueous layer, nucleation of 
the single crystalline conducting polymers was first taken place at the interface. These 
polymer nanocrystals were grown to the aqueous layer in the oriented direction and then 
they were dispersed into the aqueous layer in the nanoneedle form. The HRTEM images 
of both PANI and PPY resolved their lattice fringes as shown in Figures 2.30c and Figure 
2.30e. This is a general fabrication process of single crystalline conducting polymers. The 
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resulted single crystalline polymers have fast conductance switching in the time scale of 
milliseconds.
120
 
 
Figure 2.30 (a) Slow polymerization through the oil/water interface; (b) TEM image of 
PANI nanoneedles; (c) HRTEM image of PANI nanoneedle. Scale bar = 3 nm. The arrow 
shows the direction of the long axis of [001]. (d) TEM image of PPY nanoneedles; (e) 
HRTEM image of PPY nanoneedle. Scale bar = 3 nm. The arrow shows the direction of 
the long axis of [001].
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2.4 Curved polymer crystals 
    Generally speaking, polymer crystals formed from dilute solution results in planar or 
nearly planar crystals, following a chain folding principle. However, there are some cases 
can lead to the formation of curved crystals. For instance, in the early 1970s, curved 
polymer crystals were observed from a couple of dilute polymer solutions such as poly(4-
methylpentene-1) (Figure 2.31a),
 121
 polyoxymethylene, 
122
 and 
polychlorotrifluoroethylene.
123
 These crystals show a smaller radius of curvature with a 
lower crystallization temperature. Later, scrolled nylon-66 (Figure 2.31b),
124, 125
 isotactic 
a)
b) c) d) e)
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poly-1-butene,
126
 and chiral nonracemic R- and S-poly(epichlorohydrin)
127
 solution 
crystallization resulted in scrolled polymer crystals. Besides solution crystallization, bulk 
crystallization could also result in curved polymer crystals. The γ-form poly(vinylidene 
fluoride) formed a scroll-like morphology with the scrolling axis parallel to the spherulite 
radius (Figure 2.31c).
128
 PE spherulites showed periodic banding under polarized optical 
microscope
129-131
 and the individual twisted lamellar crystals of PE were observed in the 
ultrahigh molecular weight PE physical gels in decalin (Figure 2.31d).
132
 In addition, a 
series of nonracemic chiral polyesters with right- or left-handed chiral centers and 
different main chain paraffin groups formed twisted single lamellae after thin film 
crystallization (Figure 2.31e).
133-140
 Researchers have devoted a lot of attention to explain 
the mechanism of formation of curved lamellar crystals.
141-143
 The unbalanced surface 
stresses theory is a commonly cited one, suggested by Keith and Padden in 1980s.
141, 143
 
This mechanism unifies the origin of twisting and scrolling of the lamellar crystals.
142
 
Recently, Xiong et al designed two types of triblock copolymer, polystyrene-block-
poly(ethylene oxide)-block-poly(1-butene oxide) (PS-b-PEO-b-PBO) and polystyrene-
block-poly(ethylene oxide)-block-polydimethylsiloxane (PS-b-PEO-b-PDMS) (Figure 
2.31f)
144
, to examine this theory. Due to composition of a crystalline middle block and 
two amorphous, highly immiscible end-blocks, solution crystallization of both triblock 
copolymers led to the formation of curved polymer crystals. 
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Figure 2.31 Examples of curved polymer crystals. 
 
 
 
2.5 Polymer solution 
For a given polymer, there are solvents that dissolve the polymer well and solvents that 
do not dissolve the polymer. The former solvents are called “good solvents” and the latter 
“poor solvents”. The concentration of the polymer in the good solvent can be as high as 
100%, yet the solution remains clear and uniform. Adding a poor solvent to the solution 
causes the polymer to precipitate, if the poor solvent is miscible with the good solvent. A 
solvent with an intermediate quality dissolves the polymer to some extent. Polymer 
chains in the solution take a random-coil conformation unless the chains are rigid. 
2.5.1 Theory of polymer solution 
Dissolution of a polymer into a solvent lowers the free energy of the polymer-solvent 
system when the enthalpy decreases by dissolution or, if it does not, when the product of 
the temperature and the entropy of mixing are greater than the enthalpy of mixing. 
a b c
d e f
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Miscibility is much lower in polymer-solvent systems because adding solvent molecules 
to the polymer does not increase the entropy as much as it does to the low-molecular-
weight solutes. Flory-Huggins lattice theory is the theory most commonly used to 
describe the thermodynamics of the mixing behavior of polymer and solvent. 
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Figure 2.32 Lattice model for polymer solution. Gray sites are occupied by polymer 
chains, and white sites are occupied by solvent molecules.  
 
 
 
Figure 2.32 illustrates the Flory-Huggins lattice theory of polymer solution. All the 
lattices are occupied by solvent molecules and polymer chain segments. Assumptions of 
the Flory-Huggins theory: 1) volumes of one solvent molecule and one segment of the 
polymer chain are equal to one lattice site; 2) each site can be occupied by either one 
segment of the polymer or one solvent molecule, and double occupancy and vacancy are 
not allowed; 3) molecules mix randomly; 4) molecules of a given type are 
indistinguishable; 5) only contribution to possible states are translational configurations.  
49 
 
Based on these assumptions and this theory, the mixing process can be described 
mathematically. The details of the polymer solution theory have been discussed 
extensively in several textbooks and will not be included in this dissertation.  
 
2.5.2 liquid/liquid phase separation coupled with crystallization 
When the phase separation process is coupled with other ordering process, i.e., 
crystallization, this will bring complexity into the investigations, especially due to the 
resultant difference of structures and morphology which is important from both a 
scientific and industrial points of view.  
Here we focus on the coupling of liquid/liquid phase separation with crystallization in 
polymer solution or blends. About forty years ago, Tanaka and Nishi proposed all 
possible types of coupling between phase separation behavior and the crystallization 
process in polymer binary blends with one crystalline and one amorphous component.
146, 
147
 Figure 2.33 illustrates six different cases in terms of the relative positions between the 
bimodal curve of liquid/liquid phase separation and the melting temperature depression 
curve after one of the component is crystallized. The top three diagrams are upper critical 
solution temperature (UCST) behavior coupled with melting temperature depress, and 
bottom three are lower critical solution temperature behavior. They represent the three 
cases of two processes being cross-over, tangential, and not intersecting at all. This plot is 
applicable to both polymer-solvent systems and polymer blend systems. 
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Figure 2.33 Schematic illustration of liquid/liquid phase separation coupled with melting 
temperature depression.
148
  
 
 
 
    When a binary mixture undergoes a liquid/liquid phase separation, two types of 
morphological textures usually coexist. One is polymer-rich phase, and the other is 
polymer-poor phase. Crystallization from these two phases will lead to the crystals 
morphologically different. In essence, during this process, the liquid/liquid phase 
separation competes with crystallization. The most detailed study about this has been 
carried out by Schaaf et al.
149
 Figure 2.34 shows the schematic phase diagram of a 
monodisperse polymer in a poor solvent (solid line) and in a good solvent (broken line). 
In this figure, three regions exist. Region I at high temperature is where the polymer and 
solvent are miscible and form an isotropic single-phase liquid. Region II is bounded by 
the binodal curve within which the liquid/liquid phase separation occurs in an UCST 
system. Below the equilibrium melting temperature depression line in this figure is region 
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III. There are two areas that need to be discussed. First is the melting temperature 
depression line in the single liquid phase at higher polymer concentration before it 
intersects the binodal curve (denoted NM in the figure) and lower concentration (denoted 
as QR). This example exhibits a typical phenomenon where the polymer crystallizes and 
separates from the solution as the temperature falls below the melting temperature 
depression line. For a composition between N and Q, at high temperature (region I), 
polymer solution is isotropic and clear; at intermediate temperature (region II), the 
polymer solution separates into polymer-rich and polymer-poor phase which are 
thermodynamically more stable. For low polymer concentrations, the polymer-rich phase 
separates into the form of small droplets in the polymer-poor phase when the thermal 
treatment is sufficiently fast and the solution looks cloudy; at low temperature (region III), 
the crystalline phase separates out of the solution and precipitates can be observed.  
    Polymer crystallization is a kinetic process dominated by nucleation and growth, so in 
order for the polymer to crystallize, supercooling is necessary. The final crystalline 
morphology is dependent on the amount of supercooling and the rate of cooling process. 
Due to different thermal histories, either heterogeneous or homogeneous nucleation can 
be dominant. Furthermore, the extent to which we allow liquid/liquid phase separation to 
develop before polymer crystallization occurs is another important factor affecting the 
final crystalline morphology. Therefore, the liquid/liquid phase separation and polymer 
solution crystallization compete with each other. The final crystalline morphologies are 
determined by many different factors, such as the interactions between the polymer and 
solvent, concentration, as well as both kinetics of crystallization and liquid/liquid phase 
separation. 
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Figure 2.34 Schematic phase diagram of a monodisperse polymer in a poor solvent (solid 
line) and in a good solvent (broken line).
149
 
 
 
 
    By quenching a PE solution to region III, crystallization could take place after phase 
separation, either homogeneously or heterogeneously. Figure 2.35a shows the SEM 
image of PE globules formed from quenching PE/isoamyl acetate solution to 0 ˚C. PE 
globules with rough and smooth surfaces were found. The formation of smooth globules 
was because the PE lamellae, which nucleated homogeneously, were parallel to the 
surface of the sphere while the rough ones was because of heterogeneous nucleation due 
to the presence some foreign particles in the polymer-rich droplets and lamellae growth 
was perpendicular to the surface of the sphere. To confirm this explanation, PE/biphenyl 
solution was used to conduct the same experiment because: 1) the crystallization 
temperature of biphenyl is ca. 70 ˚C; 2) biphenyl crystals can initiate the crystallization of 
PE. By quenching the PE/biphenyl solution into ice-water, a lot of globules were 
observed and they all have a rough surface. Here the solidified biphenyl induced the 
crystallization of PE and PE grew perpendicular to the surface of the globules and led to 
the formation of rough PE spheres.  
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Figure 2.35 a) Rough and smooth globules of PE obtained by quenching to 0°C a PE 
solution in isoamyl acetate; b) PE globules crystallized upon contact with solidified 
biphenyl.
149
 
 
 
In case shown in Figure 2.33C, the crystallization line is above the binodal/spinodal 
curve. If the binodal curve is not too far beneath the melting temperature depression line, 
we still have the possibility to enter the liquid/liquid phase separation region using rapid 
quenching if the crystallization of the polymer is not too fast. As shown in Figure 2.38, 
the phase diagram of poly(2,6-dimethyl-1,4-phenylene ether) (PPE) in cyclohexanol. 
Four transition processes could be observed in this figure. The second line from top to 
bottom was crystallization line and the one right beneath was binodal curve constructed 
by the cloud point measurements. Fast cooling of the solutions would therefore suppress 
the nucleation-controlled crystallization and brought the solution into the metastable 
phase separation region. Liquid/liquid demixing would take place and this demixing was 
faster than crystallization, so that it would precede crystallization. If the sample was 
quickly cooled to room temperature, crystallization would be completely suppressed and 
an amorphous, glassy, demixed system would be obtained. An important consequence 
was the constancy of Tg in the concentration region of demixing or its slight increase with 
a b
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overall polymer concentration. Demixing was expected to be followed by crystallization 
at intermediate cooling rates. This vicinity of liquid/liquid demixing also had an influence 
on the overall crystallinity of PPE. The melting enthalpy of the crystalline polymer at low 
polymer concentrations increases by a factor of 5 for the high molecular mass sample and 
10 for the low molecular mass sample.
150
 
 
 
Figure 2.36 Temperature-concentration phase boundary diagram for PPE in 
cyclohexanol.
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Liquid/liquid phase separation and crystallization can occur simultaneously not only in 
polymer solution, but also in polymer blends. Just substitute the solvent with a 
crystallizable or non-crystallizable polymer, same principle can be applied. For polymer 
blends, the properties depend on their supermolecular structure and the phase 
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morphology. Supermolecular structure is determined by the circumstance of solidification, 
whether it is glassy or crystalline. The phase morphology can be controlled by the mixing 
conditions and the compatibility of the components. The solidification and phase change 
are both governed by equilibrium thermodynamic and kinetic boundary conditions. These 
parameters have been investigated extensively independently. However, the mutual 
interference of simultaneous occurrence of these two phase transitions will synergistic or 
antisynergistic influence the final morphology and properties. The pioneer work studying 
the competition between crystallization and decomposition in blends with UCST and one 
crystallizable component was reported by Tanaka and Nishi.
147
 Using poly(ε-
caprolactone) (PCL)/PS blend as an example, they pointed out the four important cases 
when quenching the homogeneous melt to a solidification temperature, as shown in 
Figure 2.37: 
A: Simultaneous spinodal decomposition and crystallization  
B: Simultaneous binodal decomposition and crystallization 
C: Crystallization induced decomposition 
D: Decomposition induced crystallization 
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Figure 2.37 Schematic phase diagram of a polymer blend of PCL and PS. φ is the 
concentration of PS in the blend and T is the temperature.
147
 
 
    In the PCL/PS system, PCL is a semicrystalline polymer. The blend of PCL/PS (40/60) 
was quenched very rapidly from 220 °C to 25 °C. The spinodal decomposition happened 
and crystallization followed to occur. The kinetics of phase separation was much faster 
than that of crystallization. Therefore, the phase separation happened before 
crystallization. Figure 2.38a and b show the final structure observed at the same place by 
a polarizing microscope under crossed Nicols and by a phase contrast one, respectively. 
The birefringent spherulites of PCL were clearly seen in Figure 2.38a and the droplets of 
PS-rich region were also clearly represented in Figure 2.38b. The size of the droplets was 
much smaller than that of the spherulites because the phase separation starts first and then 
the radial crystallization followed.  
ϕ
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Figure 2.38 (a) Photograph of a spherulite of PCL/PS (40/60) system crystallized at25 °C. 
(b) Image of a spherulite of the same system observed by the phase-contrast microscope. 
The droplets of PS-rich region are mainly observed. The scale bars are 200 µm.
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Later on, researchers paid a lot of attention on the polyolefins blending since it is 
significant to understand the fundamental physics of the widely used polyolefins and their 
blends. A mechanism, named fluctuation-assisted crystallization mechanism,
151, 152
 has 
been proposed to understand the interplay between the kinetics of liquid/liquid phase 
separation and crystallization in polyolefin blends by Han and his coworkers. Figure 
2.39a shows a temperature-concentration phase diagram of a typical two-component 
polyolefin blend system, poly(ethylene-co-hexene) (PEH)/poly(ethylene-co-butene) (PEB) 
blend. It shows an UCST-type of phase diagram. The PEH/PEB blends were melted at 
160 °C for 10 min before quenching to 135 °C for liquid/liquid phase separation and were 
finally quenched to a crystallization temperature. For a typical composition, 
PEH/PEB=40:60, the homogeneously mixed blend can proceed for both liquid/liquid 
phase separation and crystallization below 127 °C. The concentration fluctuation growth 
caused by spinodal decomposition is spontaneous. The process to reach the co-existent 
compositions of PEH- and PEB-rich domains involves (inter-) diffusion of PEH chains 
toward PEH-rich domains, and PEB chains toward PEB-rich domains. The moving PEH 
(a) (b)
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(and/or PEB) chains could have induced certain chain segmental alignment and/or 
orientation through repetitive inter-diffusion, as illustrated in Figure 2.39b. These locally 
aligned or oriented chain segments could possibly become precursors of nuclei for 
crystallization. When the blend system stays at higher temperature for long enough time 
to allow the liquid/liquid phase separation become more complete and the fluctuation 
peaks reach and/or almost saturate at the co-existent compositions. At these stages, phase 
domains gradually grow by coarsening and the interface gradually becomes sharp, and 
the interphase volume gradually shrinks, as shown in Figure 2.39c and d.
151
  
For the sample of PEH/PEB=40:60, blends are within a two phase region at 135 °C. 
Therefore, the characteristic of spinodal decomposition, bicontinuous and interconnected 
tube-like structure, should be observed after a certain time phase separation. Figure 2.40a 
and b show the morphology of the blend quenched to 112 °C without or with a 
liquid/liquid phase separation process at 135 °C. The bicontinuous and interconnected 
structure can be observed in the phase contrast image in the inset of Figure 2.40b.  The 
plot in Figure 2.40c implies that the number of the spherulites after the second 
temperature quench to 112 °C for 1 min decreases with increasing time of liquid/liquid 
phase separation. The spherulites formed at 112 °C without liquid/liquid phase separation 
at 135 °C spread over the whole space and impinge on each other, while the spherulites 
with liquid/liquid phase separation at 135 °C for 6 h are smaller and occupy less space. 
The result suggests that liquid/liquid phase separation at 135 °C prior to quenching to the 
crystallization temperature of 112 °C significantly decreases the number of nuclei formed 
during crystallization. 
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Figure 2.39 (a) Phase diagram of PEH/PEB blends. ϕi is the PEH mass fraction. The 
symbols (filled circles) correspond to experimental data points of the binodal temperature 
and the solid line to the fit of the Flory-Huggins theory. The additional symbols (open 
triangles) display the equilibrium melting points of the indicated blends. (b) Scheme of 
the liquid/liquid phase separation-assisted nucleation. (c) Concentration fluctuation of a 
PEH/PEB blend in the intermediate stage, and (d) in the late stage. 
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Figure 2.40 Polarized optical images showing isothermal crystallization at 112 °C for 1 
min without undergoing liquid/liquid phase separation at 135 °C (a) and after 
liquid/liquid phase separation at 135 °C for 6 h for the typical composition of 
PEH/PEB=40:60. The inset is the phase contrast image after liquid/liquid phase 
separation at 135 °C for 6 h. The scale bar is 10 µm. (c) Plot of nucleation rates at 117 °C 
against the time of liquid/liquid phase separation at 135 °C. Inset shows time evolution of 
the number of nuclei at 117 °C after liquid/liquid phase separation at 135 °C for 0, 6, and 
20 h.
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2.6 Motivation and Objectives 
Crystallization of polymers at different conditions leads to different crystal 
morphologies and properties. Detailed studies on the crystal structure and chain 
orientation have been reported since 1960s. In polymer melt, spherulite polymer crystal is 
a common morphology controlled by a few parameters such as the number of nucleation 
sites, structure of the polymer molecules, cooling rate, etc. The highly ordered lamellae in 
the spherulites are connected by the amorphous regions. Polymer crystallization in dilute 
solution often forms single lamellae at low supercooling. Diffraction has revealed that the 
polymer chains orients perpendicular to the lamellae plane. Interfacial crystallization of 
polymer is a unique subject. Through interfacial crystallization, such as the epitaxial 
growth from solid/air interface and heterogeneous nucleation in dilute solution, different 
morphologies and hybrid structures have been observed. The properties of the substrate 
host crystal play a critical role in templating the following growth. Elaborate work has 
been reported on those. However, there are few reports on the polymer crystallization at 
liquid/liquid interface. In this dissertation, we will use the liquid/liquid interface as a 
template to guide the crystallization of polymer and we are going to study the influence 
of the curved liquid/liquid interface on crystallization of polymers, mainly focus on the 
morphology and crystalline structure.   
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2.6.1 Motivation 
Liquid/liquid interface has been used to template the self-assembly of various subjects 
such as micro-/nanoparticles, nanorods, and polymers. Starting from different shape, 
either flat or curved, the subjects can assemble into different structures following the 
shape, giving the superstructure certain properties. Templated crystallization of polymers 
has introduced different polymer crystals with unique morphologies and crystal structures. 
By using the curved liquid/liquid interface, polymer single crystals can form curved 
shape, and later enclosed crystalline capsules. The crystal morphology and chain 
alignment will have different mechanism comparing with the normal solution 
crystallization. It is desired to find out the chain packing behavior of polymers at curved 
liquid/liquid interface and the resultant crystal structures. Additionally, the promising 
high mechanical property of the polymer crystalline capsules is also a motivation. 
2.6.2 Objectives 
In this dissertation, curved liquid/liquid interface will be used to template the 
crystallization of polymers. The crystallization behavior and final crystals will be 
extensively studied. To achieve this objective, we propose the following work: 
1. Grow from little curved crystal to bowl-like crystal, to enclosed capsule using 
concentrations from low to high in the oil phase. Curved liquid/liquid interface will 
be created using stable emulsions. 
2. Tune the size of crystals by varying emulsification conditions such as surfactant 
concentration and homogenization power to confirm that the crystallization 
follows the geometry of emulsion droplet. 
3. Characterize the morphology using SEM and TEM. The 3D structure will be 
confirmed using TEM tomography.  
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4. Analyze the curvature-induced crystal distortion based on the XRD and electron 
diffraction data. 
5. Study the mechanical property of the lamellaesomes. 
6. Demonstrate the encapsulation ability of the lamellaesomes which are structurally 
close to vesicles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
63 
 
Chapter 3: Materials and methods 
 
 
In this chapter, the materials and methods used in this dissertation will be presented. 
Materials and methods will be divided into two sub-sections. The fundamental principles 
of each characterization techniques will be briefly described. 
3.1 Materials 
All chemicals used in this study were purchased from Sigma-Aldrich, Inc. and used as-
received if not specified. 
3.1.1 Solvents 
The solvents used are listed in Table 3.1. 
Table 3.1 Solvents used in this study 
Solvent b.p. (˚C) Vendor Grade Distilled before using 
DCB 180.5 Sigma-Aldrich CHROMASOLV®, 
99% 
N 
p-xylene 138.4 Sigma-Aldrich Anhydrous, ≥99% N 
Anisole 154.0 Sigma-Aldrich Anhydrous, 99.7% N 
Pentyl acetate 149.0 Sigma-Aldrich ≥99% Y 
toluene 111.0 Sigma-Aldrich Anhydrous, 99.8% Y 
DCM 39.6 Sigma-Aldrich Anhydrous, 
≥99.8% 
N 
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Isopropyl ether 68.5 Sigma-Aldrich 98% N 
chloroform 61.2 Sigma-Aldrich Anhydrous, ≥99) Y 
 
3.1.2 Carbon nanotubes 
Carbon nanotubes used in this study are listed in Table 3.1. Both SWCNTs and multi-
walled carbon nanotubes (MWCNTs) were used in this study. 
 
Table 3.2 Carbon nanotubes used in this study. 
Type Outside diameter (nm) Vendor Synthesis method 
SWCNT 08-1.3 Carbon Nanotechnologies Inc. HiPCO 
MWCNT 5-15 Sigma-Aldrich, Inc. Arch discharge 
 
 
3.1.3 Semi-crystalline polymers 
3.1.3.1 PE 
High density PE (melt index: 12 g/min) was purchased from Sigma-Aldrich and 
used as received. 
3.1.3.2 Polyethylene-block-poly(ethylene oxide) (PE-b-PEO) 
A. monodisperse PE-b-PEO 
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PE-b-PEO, Mn=1400 g/mol, purchased from Sigma-Aldrich, is polydisperse, which 
has widely distributed molecular weights and PE contents. Fractionation was employed to 
obtain monodisperse block copolymers, which have narrowly distributed molecular 
weights and PE contents.  
 
 
 
Figure 3.1 a) GPC of the monodisperse PE-b-PEO; b) 
1
HNMR spectrum of the 
monodisperse PE-b-PEO, the ratio is a:b:c = 100:124:3 
 
 
 
The detailed procedure can be found in ref
153
. Briefly, 5 g PE-b-PEO (Mn=1400 
g/mol) was dissolved in 25 ml DCM and 50 ml isopropyl ether was added later. 
The solution was then put in a vacuum chamber to gradually remove the solvents. 
The block copolymers (BCPs) with the highest PE percentage precipitated out 
first. The precipitated BCP was collected and labelled as fraction 1 to 5 in time 
order. Fraction 3 was chosen to be used in this study. 
B. Synthesis of thiol-terminated PE-b-PEO.   
    The detailed procedure can be found in ref.
153, 154
 Briefly, 2.5 g of PE-b-PEO, a 
drop of sulphuric acid, and 0.1 mL thioglycolic acid were added to 10 ml of 
toluene which was preheated to 80 ˚C. Then increase the oil bath temperature to 
5 6 7 8 9
0
2
4
Elution Time (min)
GPC of PE-b-PEO
Polydispersity=1.04
In
te
n
s
it
y
 (
M
V
) abc
c
ba
Acetone
ppm
a b
66 
 
110 ˚C and the mixture was refluxed under nitrogen for 3 h. The product was 
purified by precipitation in isopropyl ether and subsequent dissolution in DCM. 
This sequence was repeated three times. The product was then dried under 
vacuum at ambient temperature for 2 days. Confirmation of the presence of ester 
carbonyl group was made by FTIR (see Figure 3.2). 
 
 
 
 
Figure 3.2 FTIR spectra of PE-b-PEO and thiol-terminated PE-b-PEO.  The band at 1,735 
cm
-1
 indicates the presence of the ester carbonyl group. 
 
 
 
3.1.3.3 PLLA  
PLLA (Mn = 10,000 g/mol, PDI = 1.1) was purchased from Sigma-Aldrich and 
used as received. 
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3.2 Methods 
3.2.1 SWCNT rings 
SWCNT (0.65 mg), DCB (6.5 g), and a few drops of ethanol were added to a test tube 
to obtain a uniform SWCNT/DCB dispersion by going through a multiple step sonication 
process (40 min bath sonication, 40 min probe sonication, and 40 min bath sonication 
again). 0.2 mL of such dispersion was mixed with deionized water according to certain 
volume ratio. The mixture was homogenized via probe sonication for about 40 min (as 
indicated in Figure 3.3) to produce the oyster white emulsion. SWCNT rings can be 
collected by evaporating the solvents. 
 
 
 
Figure 3.3 Schematic illustration of probe homogenization of water and SWCNT/DCB 
dispersion. 
 
 
 
3.2.2 Fabrication of NHSK rings 
Following the above strategy to bend the SWCNTs, just add same concentration 
crystalline polymer to the oil phase in the beginning, and the same procedure was 
performed at 98 ˚C. After sonication, the whole emulsion was quenched to room 
Water
DCB
SWNT
High Shear
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temperature to allow the polymer to crystallize. TEM and SEM samples were collected 
directly from the emulsion after around 30 min crystallization by dropcasting method. 
Polymer concentration can be varied in order to obtain different kebab size.  
 
3.2.3 Polymer crystallization at curved liquid/liquid interface 
    Polymer was dissolved in solution at 120 ºC, then slowly cooled to 98 °C for 
emulsification. The solution was mixed with surfactant aqueous solution which was 
preheated to 98 ºC according to certain volume ratio. Probe sonication was used to 
homogenize the system at 98 ˚C for 5 min. After that, the emulsion was quenched to 
crystallization temperature to let the polymer crystallize. For PE, DCB was used as the 
solvent and SDS was used as the surfactant. For PLLA, p-xylene and CTAB was used as 
the oil phase and surfactant, respectively. The whole process is summarized in Figure 3.4. 
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Figure 3.4 schematic representation of polymer crystallization process at curved 
liquid/liquid interface 
 
 
 
3.2.5 Characterization techniques 
3.2.5.1 TEM 
TEM is a microscopy technique in which a beam of electrons is transmitted 
through an ultra-thin specimen, interacting with the specimen as it passes through. 
An image is formed from the interaction of the electrons transmitted through the 
specimen; the image is magnified and focused onto an imaging device, such as a 
fluorescent screen, on a layer of photographic film, or to be detected by a sensor 
such as a CCD camera. Figure 3.5a shows the scheme of the basic TEM 
components. The electron gun at the very top of the column produces electrons 
either by heat or electric field, towards every direction. After accelerated by the 
applied electric field, the electron beam goes down in a high speed. The 
condenser aperture focuses most of the electrons and makes a parallel beam. After 
passing through a series of aperture in the column, the projection of the sample 
can have an image on the fluorescence screen and can be recorded by a certain 
image recording system. The condenser aperture can be used to control the beam 
current going down which will interact with the sample. Using TEM on polymeric 
samples, special attention needs to be paid as the electron beam may damage the 
sample, causing degradation or crystallinity disruption. A few strategies have 
been developed: 1) coating a layer of Pt can avoid the accumulation of electrons 
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on the sample; 2) coating a layer of carbon can also speed up the conduction of 
the electrons; 3) using a relatively weak beam, this can be controlled by the 
accelerating voltage, condenser aperture, and spot size. TEM is a very powerful 
characterization technique that can image samples in high magnification, get 
crystallographic information, do element analysis, and view samples in 3D. If no 
tilting or a small angle tilting is needed, the mostly used single tilt holder (Figure 
3.5b) can be used. For TEM tomography, a high tilting range is desired to get 
more well-defined structure. A high tilt holder (Figure 3.5c) should be used. The 
trench for placing the sample is shallower than single tilt holder. So even tilting to 
a high angle, the side will not block the electron beam. The tilting range, 
depending on different TEM model and design of the holder, can be (-60, +60) or 
(-90, +90). For polymer crystal electron diffraction experiments, an extremely 
weak beam and long exposure time should be used to collect the diffraction 
pattern because the polymer crystals are very beam sensitive. Sample preparation 
is usually done by dropcasting method. After the sample is dried under vacuum, 
Pt/Pd was shadowed onto the sample using a thermal evaporator to enhance the 
contrast and decrease the damage to the sample. For tomography, both sides of 
the TEM grids were dropcast a drop of 10 nm gold nanoparticles colloids and 
dried before putting the sample on. Our TEM experiments were done on JEOL 
JEM2100 using 200 KV accelerating voltage. TEM tomography experiments 
were done using a high-tilt holder. The tilt angle ranges from -70.7˚ to +76˚ with 
an increment of 1˚. Reconstruction was done using software CTan. Specifically, a 
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series of tilting images were collected. 10-nm gold nanoparticles were put on the 
sample serve as fiducial marker to align the collected images at different tilting 
angles. After that, a series of z-scan 2D images can be produced using 3dmod. 
These z-scan 2D images can be converted to binary images to be imported into 
the software “CTan”. Image contrast can be enhanced before converting to binary 
images if needed. (ImageJ can do this, or photoshop). Then CTan will give a 
reconstructed 3D image based on the binary images. Selected area electron 
diffraction (SAED) patterns of the shells were also obtained using this instrument 
but with 120 kV accelerating voltage. The smallest condenser aperture and spot 
size 4 or 5 were used for the SAED experiments, trying to extend the beam life. 
The diffraction pattern was recorded by the CCD camera using around 40s as the 
exposure time. To enhance the contrast, the samples sometimes were shadowed a 
layer of Pt/Pd alloy prior to TEM examination. RuO4 staining was used to 
distinguish the PE and PEO segments in PE-b-PEO decorated SWCNT rings. 
PEO can be stained with RuO4 to become dark, leaving the PE block bright.   
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Figure 3.5 (a) Scheme of TEM components; (b) image of a single tilt holder; (c) image of 
a high tilt holder. 
 
 
3.2.5.2 SEM 
SEM is another type of electron microscope. It produces images of a sample by 
scanning it with a focused beam of electrons. The electrons interact with atoms in 
the sample, producing various signals that can be detected and that contain 
information about the sample's surface topography and composition. Different 
from TEM, SEM does not need a thin sample because the most common mode of 
detection in SEM is by secondary electrons emitted by atoms excited by the 
electron beam. As shown in Figure 3.6, the secondary electron detector is at the 
a b
c
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right side of the sample, and the red indicates the electron beam path. The beam 
does not pass through the sample. But the sample needs to be conductive to allow 
the diffusion of the electrons. The accelerating voltage for most SEM experiments 
are 0.5 ~ 2 keV. In our work, SEM images were taken using Zeiss Supra 50VP. 
Samples were placed on glass slices or silicon wafer and were sputtered a layer Pt 
before examination to ensure conductive during SEM. 
 
 
Figure 3.6 Scheme of basic components in SEM 
 
 
3.2.5.3 AFM 
AFM is a powerful technique used for imaging, measuring, and manipulating 
matter at the nanoscale. Figure 3.7a shows the basic components of an AFM. The 
cantilever and tip scans on the sample surface in a variety mode such as tapping, 
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contact, and friction for different purpose and feels the sample. At different 
sample thickness, the cantilever is bent to different degree, which is accurately 
measured by the induced change of the laser path. By recording the change of the 
laser path, the surface topology of the sample can be inferred. Depending on the 
measuring purpose and sample nature, cantilever with different spring constant 
and tip size should be selected accordingly. AFM force spectroscopy is a good 
technique to measure the mechanical properties of samples at micro- or nanoscale. 
For this method, the AFM tip is approached towards and retracted from the 
surface as the deflection of the cantilever is monitored as a function of 
piezoelectric displacement, as illustrated in Figure 3.7b. The red curve shows the 
approaching and blue curve represents the retraction. As the tip of the cantilever 
about to reach the sample surface, the sample attracts down the tip faster and 
shows a jump at position 3. Similarly, when the tip is about to retract away from 
the surface, the attraction force also pulls down the cantilever and induces a jump 
at position 5. These two positions basically show the contact point of cantilever 
and the sample. A deflection – z position curved is obtained after a measurement. 
All the values at x and y axis are relative values, we need to convert the deflection 
– z position curve to Force – displacement curve to further obtain the mechanical 
properties of the sample. Figure 3.7c shows the bending of the cantilever and 
deformation of the sample, the data can be converted using the following two 
equations 
Sample deformation DZ                                         (3-1) 
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Applied force DkF                                                         (3-2) 
Then a plot of F versus δ can be obtained, which can be used to derive the 
stiffness and Young’s modulus. 
In present work, AFM images and force spectra were acquired from a Bruker 
Dimension Icon AFM equipped with standard tapping mode and PeakForce mode. 
Samples are dried on silicon wafers. The cantilever we used is from Veeco and 
the average spring constant was determined by the thermal tune method. 
 
 
(a) (b)
(c)
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Figure 3.7 (a) Scheme of AFM components. (b) Sketch illustrating the recording of 
deflection – z position curves in AFM. In an approach path (1-2-3) a sample is moved 
vertically by a piezo and it causes the probe upward bending in the response to the tip-
force. On the way back (4-5-6) the probe reduces its bending and exercises an adhesion 
before leaving the sample. (c) representation of capsule and cantilever deformation.  
 
 
3.2.5.4 Raman spectroscopy  
Raman spectroscopy is a spectroscopic technique used to observe vibrational, 
rotational, and other low-frequency modes in a sample. It relies on inelastic scattering, or 
Raman scattering, of monochromatic light, usually from a laser in the visible, near 
infrared, or near ultraviolet range. As shown in Figure 3.8a, after a laser interacts with the 
sample, electrons from the ground state can be excited to a virtual energy state by 
absorbing phonons. If the excited electrons can release to the original energy state, which 
means that equal energy is released, it is an elastic scattering, also called Rayleigh 
scattering. If excited electrons cannot go back to the exact same state, inelastic scattering 
happens, also called Stokes and anti-Stokes Raman scattering. Elastic scattered radiation 
at the wavelength corresponding to the laser line (Rayleigh scattering) is filtered out, 
while the rest of the collected light is dispersed onto a detector by either a notch filter or a 
band pass filter. By measuring the intensity of the scattered light as a function of 
frequency downshift (losing energy) of the scattered light, which is what is plotted in 
Raman spectra, we obtain an accurate measure of the phonon frequencies of the material. 
Figure 3.8b shows the picture of Renishaw RM1000 Raman microspectrometer. It 
contains a big box on the right which is the light patch. On the left is an optical 
microscopy. The sample is put under the microscopy. Since the laser comes from the top 
and the signal needs to be reflected back to the detector, a nontransparent substrate such 
as silicon wafer or a large amount of sample should be used. The interested area can be 
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found using the optical microscopy and the laser beam which can be focused to 1 micron 
can be just shine on the small area. Raman spectroscopy is proven to be an exceedingly 
powerful technique for characterization of carbon nanotubes and other carbon materials 
such as graphite and graphene because the Raman spectrum is particularly sensitive to the 
microstructure of the carbon. SWCNTs, due to their unique one-dimensional confinement 
of electronic and phonon states, exhibit the so-called van Hove singularities in the 
nanotube density of states. Whenever the incident photons matches the energy of a van 
Hove singularities in the joint density of states of the valence and conduction bands, the 
resonant enhancement of the photophysical process can be expected. Owing to this 
enhancement and the unique one-dimensional electronic structure, the Raman scattering 
intensity allows one to obtain detailed information about the vibrational properties of 
nanotubes, even at the isolated individual SWNCT level.
155, 156
 The typical peaks of 
SWCNTs are radial breathing mode (RBM) mode (many peaks in 100-500 cm
-1
), D band 
(around 1350 cm
-1
), G band (around 1580 cm
-1), and G’ band (around 2700 cm-1). The 
RBM mode is a bond-stretching out-of-plane phonon mode for which all the carbon 
atoms move coherently in the radial direction. Thus its frequency depends on the 
nanotube diameter as νRBM = A/d + B (where A and B are constants relating to the 
surrounding environment of the SWCNTs).
157, 158
 The D band is because of the structural 
defects presented in all graphite-like carbon materials. The G band is the first-order out-
of-plane transverse optical phonon mode; it exists in most 2D graphite-like materials. The 
G’ band is actually the second order of the defect-induced D mode. Name it G’ is just 
because it is the second strongest mode in graphite after G mode. Both the D-band and 
the G-band are sensitive to the SWCNT diameter and chirality since these features 
depend sensitively on how the 2D electronic and phonon structure is folded into a 1D 
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structure.
155, 159
 Our Raman spectra were measured using Renishaw RM1000 Raman 
microspectrometer equipped with a 514.5 nm argon ion laser as the excitation source and 
a 100 X objective was used to find the interested area. SEM and Raman spectroscopy 
were combined to collect the signals from individual SWCNT rings.  The SWCNT rings 
were deposited on gold-patterned silicon wafer (Figure 3.9a).  The rings were identified 
by SEM and the relative location of the rings to the gold patterns was recorded (Figure 
3.9b,c). Then signals from individual rings were identified under Raman spectrometer 
according to the corresponding SEM images.  To ensure the signals are from a single ring, 
the inter-ring distance was controlled to be well above 1 micron, which is the beam size 
of the laser.   
 
 
Figure 3.8 (a) Energy-level diagram showing the states involved in Raman signal. (b) 
picture of Renishaw RM1000 Raman microspectrometer. 
 
 
 
 
(a) (b)
a b c
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Figure 3.9 SWCNT rings deposited on gold-patterned silicon wafer. a, b, c are at different 
magnifications. 
 
 
 
3.2.5.5 Fourier transform infrared (FTIR) 
FTIR is a technique can be used to obtain an infrared spectrum of absorption, 
emission, photoconductivity or Raman scattering of a solid, liquid or gas. As 
shown in Figure 3.10, the IR source emits the light with all the wavelengths in the 
examined range. Absorption at each wavelength is recorded to produce a full 
spectrum. By analyzing the spectrum, one can obtain the chemical structure 
information of the molecules. Different chemical group or the environment of the 
group gives different chemical bond vibrations, showing an absorption or 
transmission peak at certain wavelength. By looking up the FTIR spectrum table, 
the containing chemical groups can be determined. This is a fast technique as it 
scans all wavelengths one time, as opposed to dispersive spectrometer. Our FTIR 
spectra were obtained on a Varian Excalibur FTS-3000. The mixed powder of 
sample and KBr was compacted into translucent pellet, which was then used to 
measure the IR adsorption. 64 scans at a resolution of 1 cm-1 were collected for 
each spectrum. 
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Figure 3.10 The basic components and light path of FTIR spectrometer. 
 
 
3.2.5.6 Proton nuclear magnetic resonance (
1
H NMR) 
Nuclear magnetic resonance (NMR) is a physical phenomenon in which nuclei 
in a magnetic field absorb and re-emit electromagnetic radiation. It is a widely 
used to technique determine or confirm a chemical structure about molecules due 
to either the chemical shift, Zeeman effect, or the Knight shift effect, or a 
combination of both. The samples can either in solution or solid state. The most 
widely used nuclei for detection is 
1
H and 
13
C. 
1
HNMR provides how many 
different hydrogen environments and 
13
CNMR provides that of carbon. 
Combination of these two gives a stricter attitude on characterization and 
determination of the chemical structure, especially for a totally new molecule. In 
the present work, 
1
HNMR experiments were measured on a Varian 300 MHz 
NMR spectrometer. The sample was dissolved in deuterated chloroform.  
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3.2.5.7 Ultroviolet-visible spectroscopy (UV-vis) 
UV-Vis refers to absorption or reflectance spectroscopy in the ultraviolet-
visible spectral region. Molecules containing π-electrons or non-bonding electrons 
(n-electrons) can absorb the energy from the ultraviolet or visible light to excite 
these electrons to higher anti-bonding molecular orbitals. The more easily to 
excite the electrons (i.e. lower energy gap between the HOMO and the LUMO), 
the longer the wavelength of light it can absorb. UV-vis is widely used in 
analytical chemistry for the quantitative determination of different analytes. To 
determine the concentration of a certain analyte in the solution, a calibration curve 
should be constructed first. The reason that constructing a calibration curve can 
help determine the concentration of a solution once the absorption is measured is 
because of the Beer-Lambert Law. The Beer-Lambert law states that the 
absorbance of a solution is directly proportional to the concentration of the 
absorbing species in the solution and the path length. Mathematically,  
abcIIA o  )/(log10                                   (3-3) 
In which A is the measured absorbance, Io is the intensity of the incident light at 
a given wavelength, I is the transmitted intensity, a is a constant known as the 
molar absorptivity or extinction coefficient, b is the pathlength through the sample, 
and c is the concentration of the solution. So for a series of sample, the a and b 
can be controlled to be the same, so absorbance is proportional to the 
concentration.  
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Spectroscopic analysis is usually conducted in solutions, but solids and gases 
may also be studied. Figure 3.11 shows the schematic representation of a UV-vis 
spectrometer. The basic parts are a light source, a holder for the sample, a filter to 
separation different wavelength, and a detector. Usually, a reference which is the 
solvent for the analyzed sample is needed during measurement to get clear 
information just from the analyte. In this study, the UV-vis spectra were collected 
on PE Lambda-35 UV/visible spectrometer in Chemistry Department, Drexel 
University. 
 
 
Figure 3.11 Schematic representation of a UV-vis visible spectrometer. 
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3.2.5.8 XRD 
X-ray, also called "Röntgen rays" because it was discovered by German physicist 
Wilhelm Röntgen, is a form of electromagnetic radiation with a wavelength in the range 
of 0.01 to 10 nanometers. When an X-ray beam interacts with a crystalline material, the 
beam will be diffracted into many specific directions by the periodic atomic structure of 
the material. By measuring the angles and intensities of the diffracted beams, a three 
dimensional picture of the density of electrons within the crystal can be produced based 
on crystallography. As shown in Figure 3.12a, the basic components of an X-ray 
diffractometer include an X-ray source (usually an X-ray tube), a sample stage, a detector 
and a way to vary angle θ. The X-ray is focused on the sample at some angle θ, while the 
detector opposite the source reads the intensity of the X-ray it receives at 2θ away from 
the source path. The incident angle is than increased over time while the detector angle 
always remains 2θ above the source path. As schematically drawn in Figure 3.12b, 
crystals are regular arrays of atoms. When the incident beam So has an angle θ to the 
crystalline plane, the elastically reflected beam S1 also has an angle θ to the crystalline 
plane. The difference of light path between reflected from plane 1 and plane 2 can be 
easily calculated based on the geometry. Only when the light path difference is integer 
number folds of the wavelength will the two reflected beams add constructively. This the 
famous Bragg’s law: 
                       nd sin2                                           (3-4) 
Here d is the spacing between diffracting planes, θ is the incident angle, n is any 
integer number, and λ is the wavelength of the beam.  
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The powder XRD is easy and the most widely used X-ray technique. It doesn’t require 
a piece of single crystals. The powder sample contains tens of thousands of randomly 
oriented crystallites. Every diffraction peak is the product of X-rays scattering from an 
equal number of crystallites. It uses a monochromatic X-ray as the incident beam and 
specimen in the form of powder, sintered pellets, coatings on substrates, or engine blocks, 
etc. With sufficient amount of samples, diffraction from all possible diffracting planes 
can be obtained when the specimen is rotated in the X-ray beam. In this work, an X-ray 
diffractometer (Rigaku SmartLab) using copper target to produce x-ray radiation 
(λ=1.5418 Å) was used to characterize the crystal structure of polymer crystal shells. The 
samples were put on Kapton films for measurements.  
 
 
Figure 3.12 Schematic of a powder X-ray diffractometer and XRD from atoms in a 
crystalline material. 
 
3.2.5.9 Contact angle test 
    The contact angle measurements were performed by the Sessile drop method. Flat 
polymer films were prepared by solvent casting. Then a drop of 4 µL water or solvent 
was droped onto the film. Then the shape of the droplets was imaged by a Nikon camera. 
The contact angle was determined using ImageJ by fitting an ellipsoidal shape according 
a b
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to the obtained images. The contact angle of each sample is an average of five 
measurements. 
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Chapter 4: Bending SWCNTs at curved liquid/liquid interface 
 
 
Extensive research work has been devoted to studying structure and properties of 
individual CNTs, patterning them into ordered structures remains one of the main 
challenges in nanoscience. Of particular interest is controlled assembly of individual 
CNTs, or a bundle of them, into defined structures such as nano-sized rings
160
. Bending 
of rigid, polymer-like CNTs into highly curled geometry affects transport properties.
161, 
162
 Peculiar curvature-dependent electronic and magnetic properties of these SWCNT 
rings have also attracted a great deal of interest over the past several years
163
. Numerous 
applications are anticipated for CNT rings: from a polymer CNT composite standpoint, 
bending long CNTs into rings dramatically decreases entanglement of CNTs, leading to 
lowered viscosity of the corresponding composites, which has a profound impact on 
composite processing. 
After Liu et al. reported SWCNT rings as a low-yield byproduct in CNT synthesis
164
, a 
number of experimental approaches have been reported to fabricate them. SWCNT rings 
can be produced on solid surfaces by various templating methods. For example, Tsukruk 
et al. reported the formation of bent SWCNT on a silicon surface by trapping the tubes at 
liquid–solid–vapor contact lines165. Based on molecular-template-directed assembly, 
Schatz et al. reported a method to fabricate SWCNT rings with specified diameters on a 
surface; SWCNT assembled into rings with radii as small as 100 nm at the edge of the 
circular patterns on COOH-functionalized monolayers
166
. Relatively larger scale SWCNT 
ring synthesis has also been accomplished by introducing a floating chemical vapor 
deposition technique
167
. On the other hand, formation of SWCNT rings in solution is of 
particular interest because the process is compatible with SWCNT surface chemistry that 
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has been developed to functionalize SWCNT for application purposes
112, 114, 153, 168
. To 
this end, Avouris et al. reported the formation of SWCNT rings by ultrasonicating a 
SWCNT solution in concentrated sulphuric acid and hydrogen peroxide
160
. The formation 
mechanism was believed to involve the hydrophobic nanotubes acting as nuclei for 
bubble formation and being bent mechanically at the bubble–liquid interface as a result of 
bubble collapsing during cavitation
160
. Bundles of double-walled carbon nanotubes can 
also form rings after sonicating an oxidized and acid treated sample
169
. Sano et al. 
synthesized SWCNT rings from end-functionalized nanotubes by a ring-closure 
reaction
170
. Jung et al. synthesized SWCNT rings by noncovalent hybridization of 
porphyrins and SWCNT
171
. The SWCNT rings formed using these processes typically 
have diameters about 500 nm and the yields are low. None of the above mentioned 
approaches provide a large scale, solution-based method to synthesize nano-sized CNT 
rings, which has become a technical hurdle that prevents them from practical applications. 
In this chapter, we report a Pickering emulsion-based method to fabricate SWCNT 
rings at a large scale. In a water/oil/colloidal particle system, particles tend to segregate 
into liquid/liquid interface to lower the overall free energy of the system, a phenomenon 
known as Pickering emulsion
5
. The stability of the emulsion depends on particle diameter 
and the interfacial energy between particle/oil, particle/water, and water/oil (W/O). 
Numerous micro- and nanoparticles have been studied in Pickering emulsion systems; 
examples are silica nanoparticles, quantum dots and nanorods
172
. SWCNT has been 
employed as a solid emulsifier in W/O systems for different purposes. For example, 
Wang and Hobbie reported that amphiphobic SWCNT can be used to stabilize 
macroemulsion of water/toluene; water droplets with the size from a few tens to hundreds 
micrometers were stabilized by SWCNT in toluene
173
. This approach was then adopted to 
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fabricate 1–20 μm diameter polymer colloids with a SWCNT coating in order to achieve 
a lower electrical percolation threshold of the polymer/SWCNT composites
174
. Other 
work studying CNT and liquid/liquid interfaces focused on flat interfaces. For example, 
Niu and co-workers reported an approach to self-assemble flexible SWCNT films at the 
W/O interface after modifying SWCNT with imidazolium
12
. Similarly, Matsui and co-
workers fabricated monolayer SWCNT and closely packed ultrathin CNT films at a 
liquid–liquid interface11, 175, 176. Interfacial trapping methods have also been used to 
remove SWCNT bundles from individual tubes
29
. However, none of these works were 
intended to fabricate CNT rings at nanometer scale. Herein we report that by carefully 
choosing a W/O/SWCNT system, miniemulsions can be formed, within which SWCNT 
act as the solid emulsifier. Because of the small oil droplet size in the miniemulsion, 
curved W/O interfaces bend SWCNT into nano-sized rings with well-defined radius and 
width. This method offers an easy, solution-based approach to synthesize SWCNT 
nanorings at a large scale. It may also be adopted in other 1D nanomaterial systems. 
 
4.1 Materials and methods 
4.1.1. Materials 
CoMoCAT SWCNT was purchased from SouthWest NanoTechnologies, Inc. Arc 
discharge MWCNT were purchased from Sigma Aldrich. MWCNT were washed with 
concentrated H2SO4/HNO3 Mixture (3:1) overnight.
112, 177, 178
 Products were washed until 
neutral pH using deionized water before use. DCB and ethanol were purchased from 
Aldrich and were used as received. 
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4.1.2. Experiments and sample preparation 
SWCNT (0.65 mg), DCB (6.5 g), and a few drops of ethanol were added to a test tube. 
A multiple step sonication process (40 min bath sonication, 40 min probe sonication, and 
40 min bath sonication again) was used to produce SWCNT/DCB dispersion. 0.2 mL of 
such dispersion was mixed with 8.0 mL deionized water using micropipette. The mixture 
was homogenized via probe sonication for about 40 min. The mixture became oyster 
white after sonication. Miniemulsions were drop-cast on selected substrates, blotted, and 
allowed to dry before the microscopy and spectroscopy experiments. 
 
4.1.3. Instrumentation 
A Bransonic 8510 bath sonicator and a vibra cell VC130 probe sonicator were used to 
disperse SWCNT in DCB. SE) experiments were conducted using a Zeiss Supra 50VP 
microscope. TEM experiments were performed using a JEOL JEM-2100 LaB6 TEM at 
an accelerating voltage of 200 kV. Raman spectra were measured using a Renishaw 
RM1000 Raman microspectrometer equipped with a 514.5 nm argon ion laser as the 
excitation source and a 100 X objective. SEM and Raman spectroscopy were used to 
collect the signals from individual SWCNT rings. The SWCNT rings were deposited on 
gold-patterned silicon wafer (Figure 3.9). The rings were identified by SEM and the 
relative location of the rings to the gold patterns was recorded (Figure 3.9b and c). Then 
signals from individual rings were identified under Raman spectrometer according to the 
corresponding SEM images. To ensure the signals are from a single ring, the inter-ring 
distance was controlled to be well above 1 micron, which is the beam size of the laser. 
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4.2 Synthesis of SWCNT rings from water/DCB interface 
DCB and deionized water were used as the two immiscible phases to prepare the 
miniemulsion. SWCNT was dispersed in DCB by sonication. The dispersion was then 
mixed with water, and probe sonication was used to homogenize the mixture. The 
miniemulsion was then drop cast onto glass slides/silicon wafers for microscopy and 
Raman spectroscopy experiments. The detailed procedure can be found in chapter 3. 
Figure 4.1(a) shows a SEM image of a typical sample. Numerous SWCNT rings can be 
clearly seen from the micrograph. Most of the rings are closed; SWCNT ends are not 
visible from the image (Figure 4.1(c)). There are, however, a number of straight as well 
as slightly bent SWCNT bundles in Figure 4.1(a) with an average bundle length of 1–3 
μm. Counting the rings and straight tubes from Figure 4.1(a) indicates a yield of rings of 
∼80%, suggesting that most of the tubes were bent into rings during emulsification. 
Figure 4.1(b) shows the size distribution of SWCNT rings. The average diameter of the 
rings is 202 ± 76 nm. There are various morphological features of these SWCNT rings. In 
addition to perfect rings and straight (or, slightly bent) SWCNT bundles, relatively 
irregular ring structures can also be seen as shown in Figure 4.1(d) and indicated with 
arrows. These include large enclosed rings with a figure “8” shape (denoted as 1 in 
Figure 4.1(d)), SWCNT rings with separated tube bundles (2 in Figure 4.1(d)), SWCNT 
rings with largely uneven ring thickness (3 in Figure 4.1(d)), and a ring with a “crossed 
lattice” (4 in Figure 4.1(d)). All these peculiar morphologies “record” the formation 
process of these rings, a point we will return to in the following section. TEM was used 
to illustrate the detailed structure of SWCNT rings. One drop of SWCNT miniemulsion 
prepared as previously discussed was deposited on a lacey carbon grid, blotted and 
allowed to dry. Figure 4.2 shows a typical sample. SWCNT rings can be seen from the 
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image. Again Figure 4.2(a) shows a figure of “8” shape, which is due to ring collapsing 
on the edge of the carbon film on the lacey grid. Figure 4.2(b) and (c) shows a HRTEM 
image of the “wall” of the ring. The wall thickness is approximately 30 nm, indicating 
that there are ∼500–800 tubes aggregating together. SWCNT rings with walls as thin as 5 
nm have also been observed, corresponding to ∼15–20 tubes bundling in the ring.  
 
 
 
 
Figure 4.1 SEM analysis of nanorings. (a) Low-magnification SEM image of SWCNT 
rings; (b) histogram of SWCNT ring diameter, (c)–(f) various features of the ring 
structure, which can be attributed to the sample preparation process (scale bars in c–f 
represent 200 nm). 
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Figure 4.2 TEM images of a SWCNT ring at lower (a) and higher (b and c) resolution. 
 
 
 
 
4.3 Assembly mechanism and force analysis 
In a classical surfactant/W/O system, probe sonication typically induces miniemulsion, 
with the oil droplet size in the range of a few tens to hundreds of nm
179
. In the present 
case, as previously discussed, SWCNT can be viewed as a solid state emulsifier and the 
overall free energy of the SWCNT/W/O system can be dramatically decreased by 
confining the nanoparticles at the interface – the Pickering emulsion state. Because of the 
physical length of typical SWCNT (or, SWCNT bundles) exceeds the diameter of the oil 
droplets in the miniemulsion, the curved W/O interface then “bends” the long tube 
bundles into a curled shape. Furthermore, strong van der Waals interaction among the 
SWCNT also drives them to aggregate into bundles at the W/O interface. As the length of 
the SWCNT bundles exceeds the circumference of the DCB droplets, two ends of the 
bundles meet and SWCNT rings are closed by forming van der Waals bonds. Figure 4.3 
shows the proposed formation mechanism of the SWCNT rings. Tubes are first dispersed 
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c
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a
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in DCB, then SWCNT dispersion is mixed with water at a predetermined volume ratio. 
After probe sonication, miniemulsion occurs and the final system is stabilized by 
SWCNT at the water/DCB interface (Figure 4.3(a)). SWCNT may form single or 
multiple bundles at the interface. Upon flattening for SEM/TEM sample preparation, 
these bundles collapse and form the relatively complex morphologies shown in Figure 
4.1(c)–(f) and Figure 4.3(b). Small SWCNT bundles tend to form uniform rings as shown 
in Figure 4.1(c). Large bundles lead to non-uniform rings (2 in Figure 4.1(d)). In the case 
that multiple SWCNT bundles are formed at the W/O interface of a DCB droplet, if these 
bundles are relatively parallel with each other, collapsing would lead to multibundle rings 
(3 in Figure 4.1(d)). If the bundles are oblique to each other, cage-like structures (4 in 
Figure 4.1(d)) can be formed. The straight and bent SWCNT bundles might be formed by 
loosely bent SWCNT, which are mechanically less stable. During the drying process, the 
curved SWCNTs unbound, forming straight or bent bundles (Figure 4.1(a), (e) and (f)). 
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Figure 4.3 Formation of nanorings using Pickering emulsion. (a) The experimental 
procedure; (b) schematic representation of possible morphologies produced due to 
solvent drying. 
 
 
 
Since formation of the rings is due to bending of SWCNT bundles by the W/O 
interface, the formation process is a competition between the elastic energy trying to 
maintain the straight CNT shape and the interfacial energy to keep a curved W/O 
interface
165
. In general, two scenarios could take place during the miniemulsion process: 
1) SWCNT bends into rings (curved bundles) as previously discussed, and 2) SWCNT is 
too rigid to bend and the W/O interface is forced to follow the straight/slightly bent shape 
of SWCNT bundles. In the present case, we observed SWCNT rings; Scheme 4.1a shows 
the detailed formation process.  During sonication, the DCB phase became progressively 
smaller and SWCNT was trapped at the water/DCB interface.  Further decreasing DCB 
droplet size led to bent SWCNT with continuously increased curvature until stabilized 
SWCNT rings were formed.  Scheme 4.1b shows a simplified schematic of bending 1D 
CNT at the water/DCB interface.  Assuming the CNT has a length of L and a radius of r, 
and is bent at the interface with a central angle of 2θ (Scheme 4.1b).  For small θ, we can 
treat the system as a simply supported beam with uniformly distributed loading case. 
When the uniformly distributed loading is w (force per unit length), then the center 
deflection is 
                                                                                      (4-1) 
in which I is the second moment of area of the beam (I = πr4 / 4 for a ﬁlled cylinder) 
and E is the elastic modulus. Here                           
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                                                                                      (4-2) 
Hence the required loading w applied along the CNT should be:    
                                                                                (4-3) 
Equation (3) shows the loading needed in order for a CNT with L length to bend to a 
conformation with a 2θ central angle.  On the other hand, the bending loading is due to 
the interfacial energy at water/DCB interface.  For simplicity, we assume that CNT stays 
at the center of water/DCB interface
172, 178
.  For a system as shown in Scheme 4.1b, the 
force from the interfacial energy is: 
                                            (4-4) 
Here Fi is the vertical component of the interfacial force; γwater/DCB represents the 
interfacial energy of water/DCB.  Comparing equations (3) and (4), as long as Fi is 
greater than wL, the interfacial force will be sufficient to bend the CNT.  We can use the 
SWCNT’s elastic modulus of ~ 1TPa180 to roughly compare the two forces. Assuming L 
= 1 µm, r = 0.5 nm, and γwater/DCB = 0.04 N/m, so 


cos1
sin
5.42


wL
Fi . Note that when θ 
is small, Fi/wL ~ 85, indicating that the initial bending of the SWCNT at the interface of a 
large droplet occurs easily. When droplet size became smaller and smaller during the 
process of sonication, the SWCNT was bent to a larger extent (Scheme 4.1a). The final 
ring size is determined by the emulsion droplet size and the stiffness of SWCNT. During 
the bending process, the work done by interfacial force γwater/DCB along the SWCNT will 
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be stored in the tube as potential energy, which is at maximum when the SWCNT ring 
reaches its minimum radius.  
 
 
Scheme 4.1 Schematic of the formation of SWCNT rings. (a) CNTs bent around a 
shrinking DCB droplet; b) Tube bending at the water/DCB interface driven by interface 
energies. Note that the CNT radius, length and the DCB droplet radius are not drawn to 
scale. 
 
 
 
4.4 SWCNT concentration effect 
Eq. (4-3) also shows that the loading is proportional to flexural modulus. To achieve 
the same deflection, CNTs with higher flexural modulus would require a greater force. 
However, the interfacial force is from the interfacial energy between water and DCB, 
97 
 
which is constant for a given water/oil system. If the flexural modulus is very high, the 
CNTs cannot be bent.   
To confirm this hypothesis, MWCNT, which has much higher flexural modulus, was 
used for a control experiment. Following the same experimental procedure, no MWCNT 
rings were formed (Figure 4.4a). We can also tune the bending moment of the SWCNT 
bundles by varying the concentration of the SWCNT, hence the bundle size. 
SWCNT/DCB concentration was controlled to be 0.01, 0.02, 0.04 and 0.08 wt.% before 
the miniemulsion process. Figure 4.4 shows the overall structure of the SWCNT 
assembles (For 0.01 wt.%, see Figure 4.1). SWCNT rings can be seen for all 
concentrations. However, for the 0.08 wt.% sample, most of the SWCNT remained 
straight or formed only slightly bent bundles. This can be attributed to an increased 
SWCNT concentration leading to larger tube bundles in the miniemulsion, which are 
much more difficult to bend according to Eq. (4-3). 
  
 
 
 
Figure 4.4 SEM images of MWCNT rings (a) and SWCNT rings prepared with different 
SWCNT concentrations: (b) 0.02 wt.%; (c) 0.04 wt.%; (d) 0.08 wt.%. Scale bars are 200 
nm. 
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4.5 Interfacial tension effect 
Eq. (4-4) also shows the possibility to control the ring size by changing the interfacial 
tension between oil and water. Lower interfacial tension would have smaller interfacial 
force, which would lead to a larger ring size. To test this hypothesis, toluene and p-xylene 
were used as oil phase to conduct the same experiments. The interfacial tensions are 
shown in Table 4.1. Using toluene and p-xylene as the oil phase to prepare SWCNT 
stabilized emulsion, the resulting average ring sizes are 241 nm and 243 nm (Figure 4.5c), 
larger than that observed in the DCB/Water system, which is consistent with Eq. (4-4). 
 
Table 4.1 Interfacial tensions of used oil/water systems
181
 
Oil/water system Interfacial tension (mN/m) 
Toluene/water 36.10 
p-xylene/waer 37.77 
DCB/water 40.00 
 
 
 
 
Figure 4.5 TEM images of SWCNT rings prepared using toluene (a) and p-xylene (b) as 
oil phases, (c) plot of ring diameter versus water/oil system. 
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4.6 Curvature effect on the Raman signal of SWCNTs 
Micro-Raman spectroscopy is widely used to study the structure and diameter of 
SWCNT
155
. Micro-Raman spectroscopy experiments were conducted on individual rings 
to determine the effect of nanoscale curvature on the SWCNT spectra and strain in the 
rings. In brief, SWCNT rings were deposited on a gold patterned silicon wafer. Each 
individual ring was identified using SEM and the position was recorded (As detailed 
described in chapter 3). Raman signals from single rings were collected. To ensure the 
signals are from a single ring, inter-ring distance was controlled to be much larger than 
the laser beam size, which was ∼1 μm in our experiment. Figure 4.6(a) shows the D band 
and G band of typical Raman spectra for a single SWCNT ring and a straight SWCNT, 
measured at a laser excitation wavelength of 514.5 nm. G band of CNTs can be 
differentiated into two main components: G
+
 and G
−
. The G
+
 peak, which dominates the 
high-frequency region, is around 1592 cm
−1
; the G
−
 peak, which is weaker than G
+
, is 
around 1567 cm
−1
. Here we focus on the stronger peak in the spectrum, namely G
+
, to 
monitor the changes when the CNT bundles are bent. The G band is related to the planar 
vibrations of carbon atoms in the rings. A minor shoulder at lower wavenumbers (G
−
) 
probably originates from metallic nanotubes in the sample. The average frequencies of 
GO peak of SWCNT rings show an upshift of 2 cm
−1
, compared to straight nanotubes. 
Red open squares in Figure 4.6(b) show the G
+
 peak position dependence of ring 
diameter. They appear around a fixed frequency (1591 cm
−1
), having no clear dependence 
on ring diameter in the examined range. Significant research has been devoted to 
studying strain induced Raman shift for SWCNT under tensile and compressive stress
182-
186
. In general, G
+
 band downshifts/upshifts under tensile/compressive stress respectively. 
In our case, the strain caused by ring formation is δ = r/R ∼ 0.5%, r and R are nanotube 
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radius and ring radius, respectively. Due to the ring geometry, SWCNT undergo both 
compression (inner part) and tension (outer part). The G
+
 should therefore shift to both 
directions under such strain, which should lead to (1) less obvious net frequency changes, 
and (2) broadening of the G band. Black filled squares in Figure 4.6(b) show the 
evolution of full width at half maximum (FWHM) of the G band as a function of ring 
diameter. It is clear that as the ring diameter decreases from 600 nm to 200 nm, FWHM 
increases from 45 cm
−1
 to 85 cm
−1
, while straight SWCNT shows a FWHM of ∼35 cm−1 
(indicated by the dashed line in Figure 4.6(b)). This observation clearly confirms the 
presence of significant compression and elongation of carbon bonds on the opposite sides 
of SWCNT. This strain may affect physical and chemical properties of the rings. For 
example, preferred chemical functionalization may occur on the stretched outer side of 
the ring. Detailed Raman analysis of SWCNT rings with individual SWCNT instead of 
bundles will be conducted in the near future. 
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Figure 4.6 Raman analysis of SWCNT rings. (a) Raman spectra of single SWCNT rings 
and straight SWCNT; (b) the dependence of G band frequency and FWHM on ring 
diameters. Dotted line at G = 1591 cm
−1
 represents the average G band frequency of 
SWCNT rings and dotted line at FWHM = 35 cm
−1
 represents the FWHM of the G band 
of straight SWCNT. 
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4.7 Summary 
We have demonstrated a new approach to synthesize SWCNT rings on a large scale 
using a Pickering emulsion-based process. TEM showed that these rings had a diameter 
of ∼200 nm. Each ring was made of SWCNT bundles, comprising of a few tens to 
hundreds of nanotubes. The formation of rings introduces both compressive and tensile 
strain on SWCNT, as revealed by Raman spectroscopy. The formation mechanism was 
attributed to liquid/liquid interface-induced SWCNT bending. The Pickering emulsion 
method reported here is scalable and compatible with the well-developed CNT surface 
chemistry. We anticipate that a variety of functionalized CNT rings can be fabricated 
using our method, which will therefore enable applications of CNT rings in various fields 
ranging from polymer composites to sensing. 
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Chapter 5: Single-Walled Carbon Nanotubes induced polymer crystallization 
at curved liquid/liquid interface 
 
 
In previous chapter, we discussed using the interfacial force to bend the SWCNTs. 
Microns-long SWCNTs were bent into closed ring structure with a diameter around 237 
nm. Basically, the well dispersed SWCNTs diffuse to the water/oil interface due to 
Pickering effect. Probe sonication was employed to cut the oil droplets down to 
nanometer range, which is smaller than the length of SWCNTs. Therefore, the SWCNTs 
were bent around the curved surface of oil droplets and formed closed ring structure. As 
reported by our previous group members, SWCNTs can induce crystallization of 
polymers in solution following a soft-epitaxy mechanism. A straight NHSK was obtained.  
As reviewed in Chapter 2, in PE solution crystallization, upon cooling the solution 
from high temperature, liquid/liquid phase separation can occur prior to PE crystallization. 
In such a case, PE crystalline microspheres are formed with a distinct smooth or rough 
surface due to homogeneous or heterogeneous nucleation, respectively. To decouple 
these two nucleation processes and study the interface/nucleation effect on crystallization, 
it is desirable to precisely locate nucleation agents at the liquid/liquid interface. One 
possible strategy to achieve such a goal is using Pickering emulsion. 
    In this chapter, we will discuss how the ring-shaped SWCNTs induce crystallization of 
polymers at liquid/liquid interface. PE, PLLA, and P3HT were used and three oil/water 
systems were studied. Ring-shaped NHSK were obtained from all different cases. 3D 
tomography and electron diffraction were used to analyze the structure and formation 
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process. The formation process is a crystallization-driven process due to the energy gain 
upon crystallization. 
5.1 Materials and methods 
5.1.1 Materials 
    CoMoCAT SWCNT was purchased from SouthWest NanoTechnologies, Inc. PE, 
PLLA, P3HT and the solvents DCB, p-xylene, anisole all were purchased from Sigma-
Aldrich and used as received. 
5.1.2 Instrumentation 
    TEM experiments were done on JEOL JEM2100 using 200 KV accelerating voltage. 
TEM tomography experiments were done using a high-tilt holder. The tilt angle ranges 
from -60˚ to +60˚ with an increment of 1.5˚. Reconstruction was done using software 
IMOD provided by Boulder Laboratory for 3-D Electron Microscopy of Cells
187, 188
. The 
reconstructed images were opened using UCSF Chimera package which is developed by 
the Resource for Biocomputing, Visualization, and Informatics at the University of 
California, San Francisco
189
. PE kebab size and inter-kebab distance were measured using 
ImageJ. SAED patterns of the shells were also obtained using this instrument but with 
120 kV accelerating voltage. To enhance the contrast, the samples sometimes were 
shadowed a layer of Pt/Pd alloy prior to TEM examination. 
5.1.3 Ring-shaped SWCNTs-induced polymer crystallization  
As shown in Figure 5.1, 0.01 wt% PE solutions was prepared at 120 C and slowly 
cooled to 98 C. SWCNT/DCB dispersion was kept at 98 C for 10 min. 0.1 mL PE 
solution and 0.1 mL SWCNT/DCB suspension were mixed with 8.0 mL preheated water 
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at 98 C. The mixture was subject to 10 minutes of probe sonication to yield a 
homogeneous emulsion, which was quenched to room temperature to crystallize for 15 
minutes. The same sample preparation condition and procedure were used for PE, PLLA 
at p-xylene/water interface, and P3HT at anisole/water interface. 
 
 
 
Figure 5.1 Procedure to fabricate NHSK rings. 
 
 
 
5.1.4 Formation of NHSK rings via thin film crystallization 
SWCNT rings were prepared as discussed above. A layer of SWCNT rings was 
spincoated onto a carbon-coated TEM grid. After it was dried under vacuum, a layer of 
PE-b-PEO/chloroform solution (concentration varies from 0.001 wt%, 0.002 wt%, 0.005 
wt%, to 0.006 wt%) was spincoated onto the SWCNT rings-loaded carbon coated TEM 
grid at 3,000 rpm for 30 s. Sample was dried and stained with RuO4 before TEM 
characterization. 
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5.1.5 Preparation of 5-nm gold/pentyl acetate colloid 
   The detailed procedure can be found in ref 
154, 190
. Briefly, 1 mg of TOAB was dissolved 
in 1 g of pentyl acetate by gentle sonication. Then the pentyl acetate solution was mixed 
with 1g of gold/water colloid. At this stage, the red color was at the bottom layer. Strong 
agitation was used to homogenize the mixture. Subsequently, centrifugation at 3,000 rpm 
for 5 min was employed to help the phase separation of water and pentyl acetate. Now 
the red color was at the upper layer. Carefully collect the upper layer and put a few 3Å 
molecule sieves in the colloid for 10 minutes. Remove the molecule sieves and the 
gold/pentyl acetate colloid was ready to be used. The gold/pentyl acetate colloid should 
be freshly made to use. 
5.1.6 Immobilization of gold nanoparticles onto SWCNT rings 
A layer of thiol-terminated PE-b-PEO/chloroform solution (0.001 wt%, 0.002 wt%, 
0.005 wt%, 0.006 wt%) was spincoated onto a SWCNT ring-loaded grid at 3,000 rpm for 
30 s. After the solvent evaporated, the grid was then incubated with the 5-nm gold/pentyl 
acetate colloid for 1 h. Pentyl acetate was used to rinse the grid which was then dried at 
ambient temperature under vacuum over night before TEM observation. 
 
5.2 Fabrication of NHSK rings using homopolymer crystallization 
      CNT-induced homopolymer crystallization has been extensively studied.
20, 112, 191-197
 
Following soft epitaxy mechanism, PE crystallizes along the surface of SWCNTs, 
forming lamellar crystals orthogonal to the nanotube backbone
112, 198, 199
, as shown in 
Figure 5.2a. In previous chapter, we mainly talked about the fabrication and formation 
mechanism of ring-shaped SWCNTs. Figure 5.2b shows the typical image of SWCNT 
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rings. Once the crystalline polymer is dissolved in oil phase, and followed the procedure 
mentioned above, ring-shaped NHSK was obtained. Of interest is to investigate such 
crystallographic relationship at curved liquid/liquid interface. Figure 5.2c illustrates the 
typical TEM images of the SWCNT ring-induced PE/SWCNT hybrids. A ringshaped 
NHSK structure is clearly formed and the entire hybrid resembles a nano spike necklace, 
which is called “NHSK rings”. PE chains crystallize along the surface of the SWCNTs, 
forming crystalline lamellae wrapping around the nanotube backbone. Edge-on PE 
crystals are strung together by SWCNTs. Due to the instability of the emulsion, ring size 
ranges from ~200 nm to 2 micron. To better understand the crystallographic relationship 
between PE and SWCNTs, the angles between SWCNT and the PE kebabs were 
measured as illustrated in Figure 6.2d inset. From the histogram, it is evident that 
majority of the kebabs maintain a nearly 90 degree angle with respect to the local 
bending geometry. This means each lamella is perpendicular to the local CNT axis, 
indicating that the formation mechanism is soft-epitaxy. 
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Figure 5.2 TEM images of a) straight NHSK, b) SWCNT ring, c) ring-shaped NHSK, and 
d) histogram of angle between kekbab and nanotube backbone in a NHSK ring. 
 
 
 
5.3 TEM tomography and electron diffraction characterization 
To better investigate the 3D structure of NHSK ring, TEM tomography was used
200
. As 
illustrated in Figure 5.3, 3D structure is well presented. The prototype TEM image is 
shown in Figure 5.2c. Figure 5.3a illustrates the viewing direction of the reconstructed 
images in Figure 5.3(b-e). The structure in Figure 5.3a is a side-view of NHSK ring. 
Viewing from the top, the reconstructed image is shown in Figure 5.3b, which is the same 
as Figure 5.2c. Viewing from the side as indicated as c, d, e in Figure 5.3, the 
corresponding reconstructed images are shown in Figure 5.3(c-d). As clearly shown by 
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the reconstructed images, each kekbab was standing vertical to the NHSK ring plane, 
which suggests that SWCNTs are the nucleation agents for PE crystallization. 
 
 
Figure 5.3 TEM tomography of NHSK ring. The prototype is in Figure 6.2c. (a) Scheme 
of side-view of a NHSK ring. (b-d) Reconstructed 3D images of the NHSK ring. The 
viewing direction is shown in (a). 
 
 
 
In a typical NHSK ring (Figure 5.4a), the PE crystal grows orthogonal to the CNT axis, 
and the formation process is governed by the size-dependent soft-epitaxial growth 
mechanism as previously reported.
112, 198, 199, 201
 To elucidate the chain orientation relative 
to the SWCNT, SAED was employed. Figure 5.4 shows the TEM image of an individual 
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NHSK nanoring and its corresponding SAED pattern with the correct orientation. On the 
basis of the previous argument, each kebab crystal should contribute one pair of (002) 
diffractions with [002] perpendicular to the lamellar surface. However, in Figure 5.4b, 
only one pair of (002) is observed, which can be associated with two kebab lamellae in 
Figure 5.4a (indicated by red arrows). Besides (002), multiple pairs of (200), (110), and 
(020) diffraction spots can be observed in the pattern. Indicated by a double-headed 
arrow in Figure 5.4b is the (200) pair that is from the two highlighted (red arrow) kebabs 
in Figure 5.4a. Lack of (002) diffraction from most kebabs and the observation of 
multiple sets of (200), (110), and (020) can be attributed to deformation of PE lamellae 
upon sample preparation. Because PE lamellae are thin and do not have a uniform size, 
upon deposition, they tend to deform and are therefore tilted from the film normal. The 
corresponding (002) diffractions are then tilted away from the registration plane and are 
absent from the shown diffraction pattern. The collapsed lamellae (green arrows) also 
produce (hk0) diffractions, which are observed in Figure 5.4b. 
 
 
 
Figure 5.4 TEM micrograph of a NHSK ring (a) and its corresponding electron 
diffraction pattern (b). 
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5.4 PE/SWCNT weight ratio effect 
Since SWCNTs are bent into nanorings by the water/DCB interface, they represent 
where the interface is during PE crystallization. Figure 5.2c shows that, on average, the 
SWCNTs pass through the center of the PE lamellae; i.e., the lamella width within the 
DCB droplet is similar to that out of the droplet (din and dout in Figure 5.2c, inset), 
suggesting that during the crystal growth the radial growth rates of PE lamellae toward 
the DCB and water phase are similar. This is intriguing as the interfacial energies of 
DCB/PE and water/PE are significantly different (4.3 and 43.3 mN/m, respectively). To 
further confirm this observation, NHSK nanorings with various PE lamellar sizes were 
obtained using different PE/SWCNTs weight ratios, varying from 10:1 to 50:1. Figure 
5.5 shows that, as the PE/SWCNT weight ratio increases, the PE lamellar crystal size 
increases from ca. 200 nm for 10:1 to ca. 700 nm for 50:1. Even when one side of the PE 
lamellae reaches the center of the ring, the lamellae remain relatively symmetric (red 
arrow points to the SWCNTs) about the tube. Figure 5.5d plots dout, din, as well as their 
ratio versus the reduced PE concentration, Vc/2πR ∼ R2c, where R is the radius of the ring 
(DCB droplet), V the volume of the DCB droplet, and c the PE concentration. When the 
PE/SWCNT ratio = 1:1 and 10:1, dout and din are the same within the experimental error. 
When the ratio increases to 20:1 and 50:1, crystal growth fronts in the droplet start to 
interfere inside the droplet (green arrows in Figures 5.5b and c), and dout becomes slightly 
greater than din, reaching a dout/din of ∼1.2. These results confirm that PE single crystals 
have similar growth rates in water and DCB phases during emulsion solution 
crystallization. 
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Figure 5.5 NHSK rings made with different PE/SWCNT weight ratios: (a) 10:1; (b) 20:1; 
and (c) 50:1. Scale bar is 200 nm. (d) Plot of the outer and inner kebab width and their 
ratio versus reduced PE concentration. The reduced PE concentration is controlled by 
varying the feeding ratio of PE and SWCNT from 1:1, 10:1, 20:1 to 50:1. 
 
 
 
5.5 Formation Mechanism 
Similar growth rates of PE lamellae in two distinct liquid phases means that, at the 
growth fronts within and outside of the DCB droplet, PE concentration and diffusion 
rates are similar.  To explain this intriguing phenomenon, we postulate that an undulated 
water/DCB interface is formed during the single crystal growth process. As shown in 
Scheme 5.1, during the emulsification process at high temperature, SWCNTs wrap 
around water/DCB interface, and PE dissolves in DCB phase. After being quenched to 
room temperature, PE starts to nucleate onto the surface of the SWCNTs. At this stage, 
the water/DCB interface also starts to become undulated to accommodate PE crystal 
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“protrusion” into water phase from SWCNTs. This rough interface also provides a 
physical path for PE chains to diffuse to the crystal growth front, similar to polymer thin 
film crystallization.
137
 As the PE crystals further grow, water/DCB interface continues to 
deform until the completion of the crystallization (Scheme 5.1b). To confirm this 
postulation, we first estimated the amount of DCB needed to protrude into the original 
water phase and cover the undulated interface (noted as Vinter). We assume the original 
DCB droplet radius R does not change during the entire crystallization process (because 
once the crystallization takes place, the PE crystals physically lock the SWCNT ring, 
which pins the liquid/liquid interface), the total fold surface area of PE crystal as S, the 
thickness of DCB layer to cover the side of the PE crystals is t, and the number of PE 
crystals in one ring is N (as shown in Scheme 5.1b). Considering symmetrical distribution 
of kebab crystals around the tube, the percentage of the DCB that is required to provide 
the polymer diffusion path can therefore be estimated using equation (5-1): 
                     
3droplet
inter
3
4
R
StN
V
V

                                                                    (5-1)  
For a typical NHSK ring, S = ~40000 nm2, N ~15 - 50, R ~0.5- 1 µm, assuming a DCB 
layer of ~20 nm leads to Vinter/Vdroplet < 1 %. Thus, the DCB droplet just needs to slightly 
deform to provide a diffusion path for PE chains.  
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Scheme 5.1. NHSK ring formation mechanism: (a) SWCNTs wrapping around DCB 
droplet and PE dissolves in the DCB droplet; (b) PE crystals grow at the undulated 
water/DCB interface; (c) NHSK rings with the outer PE crystals directly contacting water 
phase; (d) PE chains align parallel to the CNT axis.  
 
 
Secondly, we calculate the free energy difference among the three states shown in 
Scheme 5.1.  Scheme 5.1a shows the system before PE crystallization. Scheme 5.1b and 
5.1c represent the states after PE crystallization. The PE lamellae in water phase are 
covered with a thin layer of DCB in Scheme 5.1b, whereas they are in direct contact with 
water in Scheme 5.1c.  Since PE concentration is very low and the lateral surface free 
energy can be neglected, the free energy changes can be calculated as: 
From a to b,  
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ΔH is the heat of fusion of PE, which is 3.430 KJ/mol at 300K,202 n is the mole of PE 
repeating units in one NHSK ring. PE/DCB =  4.3 mN/m, ODCB/H2 = 40 mN/m, OPE/H2 = 
43.3 mN/m, so TkG Bba
91017.1    and TkG Bcb
51043.2   .  
 
The above calculation shows that scheme  5.1c is the global minimum energy state, 
although the free energy difference between Scheme 5.1b and 5.1c is small 
[ 0~)( ODCB/HPE/DCBOPE/H 22   ].  Nevertheless, the undulated liquid/liquid interface in 
Scheme 5.1b facilitates PE free chains to diffuse to the growth front of the lamellae 
outside the SWCNT ring, and leads to a relatively symmetrical PE lamellae around 
SWCNTs. The energy gain upon crystallization is significantly greater compared with the 
surface free energy penalty upon creating the undulated interface and Scheme 5.1b 
therefore is the intermediate state for interface crystallization. 
Note: Contact angle of DCB droplets on PE films 
Interfacial energy between PE and DCB was estimated using the sessile droplet method, shown as 
follows. 
 
Figure 5.6 Water droplet on PE thin film. Contact angle is 32˚. 
 
γPE/air = 35.7 mN/m,
203
 γDCB/air=37 mN/m
204
 
γPE/DCB= γPE/air- γDCB/air cosθ=35.7-37×cos32˚=4.3 mN/m. 
Contact angle of water on PE film is 96˚,
205
 surface free energy of water is 72.86 mN/m.
206
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 So γPE/water=35.7-72.86×cos96°=43.3 mN/m. 
 
5.6 Interfacial tension effect 
5.6.1 Change the interfacial tension using different oil/water system 
In order to further confirm the formation mechanism, three more polymer/oil systems 
have been studied, namely PE/p-xylene, PLLA/p-xylene, and P3HT/anisole. The 
interfacial energies of each system are listed in Table 5.1. The ΔGa→b of all of the four 
systems are negative, meaning that the heat released from crystallization is larger than the 
energy penalty of creating an undulated interface. The cbG  of three systems are 
negative (see Table 5.1), which means that those formed polymer kebabs prefer to 
contact water phase directly after crystallization. While for P3HT/anisole system, 
cbG  is positive, indicating that P3HT kebabs prefer to contact with anisole. 
Experimentally, the same procedure and recipe were used.  Therefore, the formation of 
symmetric NHSK rings is a crystallization-driven process, no matter which phase the 
kebabs contact at the end. 
 
Table 5.1 Interfacial energies of the four systems used to prepare NHSK rings. 
Polymers Solvents γpo (mN/m)* γow (mN/m) γpw (mN/m) ΔGa→b (kBT) ΔGb→c (kBT) 
PE DCB 4.3 40 43.3 -1.18×10
9
 -2.43×10
5
 
PE p-xylene 8.4 37.8
181
 43.3 -1.48×10
8
 -5.50×10
4
 
PLLA p-xylene 15 37.8
181
 68.1 -1.08×10
9
 -3.61×10
6
 
P3HT anisole 0.6 26.8 43.6 -2.69×10
8
 1.15×10
6
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*Interfacial tension between PE and p- p-xylene, PLLA and water, P3HT and water, 
P3HT and anisole can be estimated using contact angle measurements (see below).  
    
 
Figure 5.7 Contact angle measurements 
 
 
 
mN/m 4.815cos3.287.35cos oxylene/airPE/airxylenePE/    pp , surface 
tension of p-xylene is 28.3 mN/m
207
.  
28.1mN/m78cos8.722.43cos owater/airPLLA/airPLLA/water   , surface free 
energy of PLLA film is 43.2 mN/m, water contact angle on PLLA film is 78º.
208
  
mN/m4.4397cos8.725.34cos owater/airP3HT/airP3HT/water   , surface 
free energy of P3HT film is 34.5 mN/m 
209
, water contact angle on P3HT film is 97
o
. 
mN/m 9.013cos357.34cos oranisole/aiP3HT/airleP3HT/aniso   . Surface 
tension of anisole is 35.0 mN/m. (http://toxnet.nlm.nih.gov/cgi-
bin/sis/search/a?dbs+hsdb:@term+@DOCNO+44). Anisole on P3HT contact angle is 13˚. 
     
97˚Water on P3HT 13˚Anisole on P3HT
15˚95˚Water on PE P-xylene on PE
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    Figure 5.8 illustrates the TEM images of NHSK rings formed with different 
polymer/oil systems. As indicated, the SWCNTs serve as the central shish and go through 
the center of each polymer crystal kebab in all the systems. In all the cases, the kebabs 
grow symmetrically around SWCNT backbone, meaning the similar growth rates at 
inside and outside of the oil droplets. In order to complete the crystallization, the oil 
droplets deformed to an undulated interface to provide the diffusion path for the free 
polymer chains to diffuse to the outer growth front. For P3HT crystallization onto 
SWCNTs, the kebabs are the crystalline whiskers, instead of lamellae. The SWCNT rings 
formed during miniemulsion cannot be effectively “locked” by crystallization process. 
Therefore, numerous bent NHSK were observed, as shown in Figure 5.8d. This further 
confirmed the emulsion crystallization process shown in Scheme 5.1. 
 
 
Figure 5.8 TEM images of NHSK rings formed at different systems: (a) PE at p-
xylene/water interface; (b) PLLA at p-xylene/water interface; (c) and (d) P3HT at 
anisole/water interface. 
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5.6.2 Adjusting the interfacial properties of liquid/liquid interface by varying 
surfactant concentration  
    Because the SWCNT ring-induced polymer crystallization occurred at the liquid/liquid 
interface during cooling the miniemulsion system, one would anticipate that adjusting the 
liquid/liquid interface property should affect the crystal growth. To this end, low 
molecular weight PE-b-PEO (Mn=875 g/mol) was selected as the surfactant to tune the 
liquid/liquid interface. The volume ratio of water to DCB is fixed at 40 to 1. Both the PE 
and SWCNTs concentration are fixed at 0.01 wt%. The PE-b-PEO concentrations in 
DCB were varied from 0.002%, to 0.01 wt%, 0.05 wt%, 0.1 wt%, 1 wt%, and 2 wt%. 
Figure 5.9 shows the TEM images of the NHSK rings formed at water/DCB interface 
with different amount of PE-b-PEO. The NHSK ring forms at all the conditions. 
However, a few observations are worth noting: 1) Figure 5.9 c-f shows that the kebabs 
are increasingly less well defined. 2) The crystal kebabs are still perpendicular to the 
central shish at each crystallization condition. 3) As for the kebabs, the lateral size 
decreases as the PE-b-PEO concentration increases.  
    PE-b-PEO plays two roles in the present miniemulsion crystallization process: 1) it 
lowers the interfacial energy between water and DBC, and stabilizes the interface; 2) It 
also can coat on CNT surfaces, increase the hydrophilicity of the latter. The coating of 
BCP on CNT apparently significantly hinders the CNT-induced PE crystallization, as 
manifested by the decreasing of PE crystal size. Figure 5.10 plots the kebab lateral size 
against the PE-b-PEO concentration. The PE kebab size decreases from around 190 nm to 
around 50 nm.  
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Figure 5.9 NHSK rings formed at water/DCB interface with a) 0.002 wt%; b) 0.01 wt%; 
c) 0.05 wt%; d) 0.1 wt%; e) 1 wt%; f) 2 wt% PE-b-PEO in DCB. 
 
 
 
 
 
Figure 5.10 Plot of kebab lateral size of NHSK rings versus the PE-b-PEO concentration. 
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5.7 NHSK rings prepared by BCP thin film crystallization 
    In addition to crystalline homopolymer, BCP can also form single crystals along 
SWCNT rings through thin film crystallization. In the present study, PE-b-PEO was 
chosen as the model polymer. SWCNT rings were fabricated using miniemulsion, and 
were spincoated onto a carbon-coated TEM grid. After drying the grid at ambient 
temperature, a drop of PE-b-PEO/chloroform solution was spincoated onto the SWCNT 
rings-loaded TEM grid at 3,000 rpm for 30 s. The sample was stained with RuO4 for half 
an hour before TEM characterization. The typical structure of the NHSK rings formed 
with PE-b-PEO is shown in Figure 5.11. The PE-b-PEO/chloroform concentrations used 
are 0.001 wt%, 0.002 wt%, 0.005 wt%, and 0.006 wt%, corresponding to Figure 5.11a-d, 
respectively. Alternating dark and bright strips can be seen in all the images, with all 
strips perpendicular to local CNT axis. A closer look of these structures in Figure 5.11a,b 
reveals that the primary feature of the strips is actually a “sandwich” with two dark strips 
separated by a bright band (e.g. circled areas).  Each “sandwich” is an edge-view of PE-
b-PEO single crystal; the dark strips are due to the staining of PEO segment with RuO4, 
and the bright part is the PE crystalline domains. The formation of the BCP crystals 
follows a three-step process: first, polymer chains diffuse to the surface of SWCNT rings 
and the PE segments start to crystallize, nucleated by SWCNT sidewall; second, PEO 
segment are excluded onto the top/bottom of PE. PE segments continuously grow 
laterally to form large crystals following the size-dependent soft-epitaxy mechanism. 
112, 
191
; third, the PEO domain attracts free PEO, which may induce the formation of the 
adjacent layer of PE crystal, leading essentially to the growth of BCP crystals parallel to 
the SWCNT axis. The periodicity of the alternating dark and bright strips is 20 ± 1.2 nm 
and the width of the bright stripes is 10 ± 1.2 nm, both are determined by the BCP 
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microphase separation and PE crystallization, and the molecular weight of the PE and 
PEO segments.  
    The kebab number density can also be quantified by measuring the inter-kebab 
distance d along the ring, as illustrated in the inset of Figure 5.11e, which plots d versus 
the BCP concentration. It can be seen that d decreases from 120 nm to about 40 nm as 
concentration increases to 0.005 wt%, presumable because that more BCP materials are 
available for the “nanosandwich” to grow along the tube axis. On the other hand, Figure 
5.11d shows that the kebabs are not well-defined for 0.006 wt% sample. There are 
amorphous-like polymers wrapping around the nanotube between well-defined BCP 
sandwiches. This is because as the concentration of BCP further increases, the excessive 
BCP simply precipitates at the later stage of solvent evaporation/crystallization, smearing 
the periodicity of the SWCNT rings, as illustrated in Figure 5.11f. Due the dense packing 
and random alignment of the small kebabs, those regions appear like amorphous BCP 
under TEM.   
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Figure 5.11 Alternating patterns formed on SWCNT rings by PE-b-PEO thin film 
crystallization with different PE-b-PEO solution concentration: (a) 0.001 wt%; (b) 0.002 
wt%; (c) 0.005 wt%; (d) 0.006 wt%; Scale bars are 100 nm. 
 
    PE-b-PEO can be end-functionalized to direct nanoparticle assembly. In our 
experiment, the hydroxyl terminated PE-b-PEO was converted to thiol-terminated BCP 
using thiolglycolic acid. PE-b-PEO-SH/chloroform solution was then prepared with a 
concentration of 0.005 wt% and 0.006 wt%. Similar to the previously discussed 
procedure, PE-b-PEO-SH solution was spincoated onto SWCNT ring-loaded carbon grid 
at 3,000 rpm for 30 s. The grid was dried at ambient temperature and then incubated in 5-
nm AuNPs/pentyl acetate colloid for 1h. Sample was rinsed using pentyl acetate and 
dried before TEM characterization. Figure 5.12 shows the typical images of periodic 
immobilization of 5 nm AuNPs along SWCNT rings/PE-b-PEO-SH hybrid at different 
concentration (0.005 and 0.006 wt%). It can be seen that in both cases, the AuNPs 
formed alternating patterns. A closes look, as shown in Figure 5.12c, reveals that well-
aligned AuNP wires are formed perpendicular to the nanotube axis (represented by the 
double arrow in Figure 5.12c). Because the AuNPs were attached to the PEO segment via 
thiol groups, the AuNP lines indicate the location of PEO microdomains which are the 
dark lines. Thus, the AuNP nanowires show the same orientation as the PE-b-PEO 
crystals in Figure 5.11. Hierarchical hybrid assembly with a unique nanoring structure 
has therefore been successfully fabricated. 
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Figure 5.12 TEM images of AuNPs immobilized NHSK rings with different thiol-
terminated PE-b-PEO concentration: (a) 0.005 wt%; (b) 0.006 wt%. (c) High 
magnification TEM image of the well-aligned AuNPs perpendicular to the nanotube 
backbone.  
 
5.8 Summary 
    We have shown that SWCNT rings can act as a Pickering emulsion agents during a 
miniemulsion process in different water/oil systems. In this process, SWCNT bundles 
were bent by the curved liquid/liquid interface to form nanosized SWCNT rings with the 
size ranging from a few hundred nanometers to a few micrometers. When solutions of 
crystalline polymers such as PE, PLLA, and P3HT were used as the oil phase, upon 
cooling, the polymer crystallized on to SWCNT rings, yielding NHSK nanorings. In such 
a structure, the kebab crystals are quasi-periodically span along CNTs, similar to the 
previously observed NHSKs where straight CNTs were used. Despite the small diameter 
of the ring and the curved nature of the interface, lamellar crystals are relatively 
perpendicular to the local CNT axis, following the soft epitaxy mechanism. The 
symmetric distribution of the kebab crystal about the CNT axis suggested an intermediate 
state during polymer crystallization, where an undulated liquid/liquid interface was 
formed to facilitate polymer transport during crystallization. In addition to crystallization 
at liquid/liquid interface, thin film crystallization of PE-b-PEO was also used to decorate 
the SWCNT rings; precise alternating patterns were therefore formed. By selectively 
a b c
20 nm100 nm100 nm
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functionalizing the PEO block, AuNP nanowires were assembled in the BCP NHSK 
nanorings.  It shows a promising means to produced complex, hierarchical, functional 
hybrid materials. 
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Chapter 6: Polyethylene crystallization at curved water/DCB interface 
 
 
   Cell membrane, a biological membrane that separates the interior of all cells from 
the outside environment, is selectively permeable to ions and organic molecules and 
controls the movement of substances in and out of the cells 
210-212
. The permeability, 
stability, and mechanical strength of the bilayer structure of cell membranes are critical to 
their function. Vesicles 
213-215
 are small membrane-enclosed sacks that can store or 
transport substances and mimic cell membrane on the molecular scale 
216
. A few cell 
membrane-mimicking vesicles have been reported using different precursor materials. 
Specifically, liposomes, made of small amphiphilic natural phospholipids, were first 
discovered in the 1960s 
217-223
. Due to the loosely packed system, liposome is a type of 
very fluidic vesicle. In the 1990s, polymersomes 
2, 51, 224-234
 were fabricated with synthetic 
amphiphilic block copolymers. The mechanical property of the vesicle is highly 
improved, and the wall thickness also increased up to about 21 nm
234
. In addition, the 
stability of the polymersome is strongly dependent on the environment 
235
 and 
crosslinking density of the central region 
236
. Later on, by self-assembly at liquid/liquid 
interface, colloidal particles were used to create colloidosomes 
17, 30, 237, 238
. By 
crosslinking the colloidal particles, a robust vesicle were obtained. However, the poor 
biocompatibility of the particles significantly hinders their application in biomedical 
engineering. Most recently, constructed from three single-stranded DNAs (ssDNA) with 
the certain functional modifications, Y-shaped DNAs were synthesized and self-
assembled into DNAsomes 
239
. In addition to that the DNAsomes can be precisely tuned 
over a wide range in terms of both size and surface charge, DNAsome is a carrier of RNA 
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due to DNA–RNA base-pairing, drugs, tracer dyes, or antibodies, along with genes, 
siRNA, or antisense nucleic acids.  
The liquid/liquid interfaces, either flat or curved, are widely used in thin film 
fabrication 
18, 240-242
, miniemulsion polymerization 
179, 243, 244
, and nanoparticles assembly 
15, 19, 21, 245
, as reviewed in Chapter 2. 
     In chapter 4 and 5, we discussed SWCNT-induced polymer crystallization at curved 
liquid/liquid interface. SWCNTs serve as 1) the Pickering agent to stabilize the oil 
droplets; 2) nucleation agent for crystallization of polymers. A typical structure NHSK 
ring was obtained. The polymer chains align parallel to the surface of SWCNTs, 
perpendicular to the liquid/liquid interface, resulting the nano-spike structure. 
In the next two chapters, we will discuss using the liquid/liquid interface to template 
the polymer crystallization to gradually build up the vesicle. By creating nano-sized 
polymer solution droplets using emulsion strategy, polymer crystallization process can be 
confined at the curved liquid/liquid interface after the emulsion was quenched to 
crystallization temperature. In this way, the vesicles will be inherently made of polymer 
crystals. It provides a platform to study the crystallization behavior of polymer at curved 
liquid/liquid interface, which may be different from the bulk dilute solution 
crystallization. The fully enclosed polymer single crystal shells would have great 
potential in the application of encapsulation and drug delivery.  
In this chapter, we mainly use PE as a model polymer to study the crystallization 
behavior of polymers at curved liquid/liquid interface. The emulsion conditions can be 
used to control the size and curvature of the resultant curved crystals. The electron 
diffraction and XRD on crystal shells with different size reveal the curvature dependence 
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on crystal lattice distortion and formation mechanism of the crystal shells from curved 
interface.  
 
6.1 Experimental methods 
6.1.1 Materials  
PE (melt index: 12 g/min), DCB, and SDS were purchased from Sigma-Aldrich and 
used as received. 
6.1.2 Sample preparation 
    After crystallization in the emulsion, the emulsion was drop cast onto silicon wafer (for 
SEM samples) and TEM grid (for TEM samples). Filter paper was used to blot most of 
the emulsion and the sample-loaded substrates were immersed into DI water to wash 
away the surfactant over night.  Then the samples were dried under vacuum. SEM 
samples were sputtered Pt/Pd before observation. TEM samples were examined with 
shadowing. For TEM tomography, samples were stained with RuO4 for two hours to 
enhance the contrast. For SAED, samples were shadowed with Pt using physical vapor 
deposition setup. After crystallization, the PE crystal shells were washed and collected to 
produce a dry WAXD powder samples. The WAXD experiments were conducted on 
Rigaku SmartLab. WAXD patterns were collected using an image plate with a 10 mm 
hole. For AFM measurement, the emulsion samples were drop cast onto Silicon wafer 
and washed with water. The test was conducted in air. 
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6.1.3 Instrumentation 
The emulsion was made with a vibra cell VC130 probe sonicator.  The SEM 
experiments were conducted on Zeiss Supra 50VP. TEM experiments were performed 
using a JEOL JEM-2100 LaB6 TEM at an accelerating voltage of 200 kV.  TEM 
tomography experiments were done on the same instrument, but using a high-tilt holder. 
The tilt angle ranges from -60˚ to +60˚ with an increment of 1.5˚. Tilting series images 
were aligned using 3dmod and the slice images along z-axis were exported. 
Reconstruction was done using software CTan. SAED patterns of the curved crystals 
were also obtained using this instrument but with 120 kV accelerating voltage.  
6.1.4 Phase diagram of PE-DCB solution 
    The phase diagram of PE-DCB solution was obtained using the cloud point methods. 
Specifically, a series of PE-DCB solution with different concentrations (from 0.5 wt% to 
5.5 wt% with 0.5 wt% interval) was prepared at 120 ˚C. Then the solutions were slowly 
cooled down (~1˚C/min) in a clear oil bath to see at what temperature the test tube 
become turbid (spinodal decomposition) or crystals start to form (crystallization).  
6.1.5 Fabrication of PE crystal shells 
    0.8 mL 4 wt% PE-DCB solution was prepared at 120 ˚C for complete dissolution 
before slowly cool down to 98 ˚C. 8.0 mL 0.2 wt% SDS aqueous solution was 
equilibrated in 98 ˚C for 15 minutes. Mix the PE-DCB solution and SDS aqueous 
solution and then the mixture was subjected to probe sonication for 5 minutes at 90% 
amplitude. Milky emulsion was obtained. After that, the emulsion was quenched to 95 ˚C 
for crystallization. A step cooling profile (Figure 6.1) was used to complete the whole 
crystallization process. The step cooling profile was developed according to the phase 
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diagram of the PE-DCB solution. The detailed reason will be discussed in the next 
section. 
 
Figure 6.1 Cooling profile for crystallization of PE in emulsions 
 
 
6.2 Results and discussions 
    When cooling down a crystalline polymer solution from high temperature, two 
phenomena can happen: liquid/liquid phase separation or crystallization. Kinetically, 
liquid/liquid phase separation is much faster than crystallization. But forming a crystal 
with the most stable crystal structure is the ultimate stable state if the polymer is capable 
of crystallization at that temperature. Therefore, if the solution enters a region that is 
thermodynamically favorable for both processes, liquid/liquid phase will take place 
before crystallization because it happens instantly. Here we use the emulsion technique to 
provide the curved interface as a template for polymer crystallization. Thus, a polymer 
solution liquid/liquid phase separation is not desired before crystallization. To better 
choose the processing temperatures for the following experiments, a temperature-
concentration phase diagram of PE-DCB is needed. To obtain such a phase diagram, a 
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series of PE-DCB solutions (0.5 wt% to 5.5 wt%) was prepared and cloud point method 
was used to determine the phase separation. Higher concentration of PE-DCB solution 
could not get at ambient pressure. For 0.5 wt%, 1 wt%, and 1.5 wt% PE-DCB solution, 
the cloud points were observed at 76 ˚C, 79 ˚C, and 87 ˚C. For 2 wt% to 5.5 wt%, 
crystallization was observed first at the very top of the solution. As plotted in Figure 6.2, 
the temperature-concentration phase diagram of PE-DCB solution shows two parts: the 
blue square part is the spinodal curve and the black sphere part is the crystallization line. 
The spinodal curve above 2 wt% is not measurable because the crystallization happens 
first and the concentration decreases as crystallization continues. Thus, a dashed line was 
drawn to “indicate” a full spinodal curve. As shown in Figure 7.2, crystallization can 
happen before phase separation when PE concentration is above 2 wt%. 
 
 
Figure 6.2 Temperature-concentration phase diagram of PE-DCB solution 
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Figure 6.3 illustrates the process of PE crystallization at curved liquid/liquid interface. 
After emulsification by fierce probe sonication, small oil droplets ranging from tens of 
nanometer to microns were created. This could be controlled by both the sonication 
power and the surfactant concentration. After quenching the emulsion to a crystallization 
temperature, nuclei forms first. When the size of the nuclei reach a certain size, the nuclei 
will diffuse to the liquid/liquid interface due to the Pickering effect
246
. Then the crystal 
growth will be directed by the shape of the liquid/liquid interface. Curved polymer 
crystals may form because of the curved interface. Depending on the initial concentration, 
robust partially and fully enclosed single crystal shells can be formed. In order to allow a 
regular growth of the crystal following the interface, phase separation within the droplets 
and the crystallization in bulk droplets should be avoided possibly by choosing the right 
temperature. Phase diagram gives the guide line to avoid phase separation. Small 
supercooling should be chosen in order to avoid the crystallization in the bulk droplets. 
Therefore a multi-step cooling profile was chosen for the crystallization process. Figure 
6.1 shows the detailed temperature profile. By strictly following the crystallization line in 
Figure 6.2, starting from 95 ˚C, one hour was spent on each temperature at 95 ˚C, 93 ˚C, 
and 91 ˚C. After that, overnight crystallization was kept at 89 ˚C. Then the emulsion was 
brought to room temperature for later characterization.  
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Figure 6.3 Schematic representation of crystallization of PE at curved liquid/liquid 
interface 
 
    Figure 6.4 shows the morphology of the typical PE crystal shells. The condition was 4 
wt% PE-DCB solution and 0.2 wt% SDS aqueous solution. Figure 6.4a is the regular 
TEM micrograph of PE crystal shells, with an average size around 600 nm. To have a 
better idea about the edge height and overall 3-dimensinal (3D) structure, another 
shadowed sample was examined under TEM. Figure 6.4b shows the resultant structure. 
The dried sample of the PE crystal shells might collapse (as pointed by the red arrow) or 
sustain the structure (as pointed by the green arrows) during drying. The edges of the 
sustained shells were observed clearly. Figure 6.4c shows the SEM image of several 
sustained crystal shells. The shells exhibit a small opening area on top.  
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Figure 6.4 TEM micrograph (a), shadowed TEM micrograph (b), and SEM micrograph (c) 
of the typical PE crystal shells prepared by 4 wt% PE and 0.2 wt% SDS.  
 
 
    To better view the 3D structure of the crystal vesicles, TEM tomography was 
employed to conduct this study. 2-hour RuO4 staining was used to enhance the contrast 
between the polymer crystals and the substrate. After reconstruction, the structure can be 
viewed from any angle. It clearly shows a hollow shell structure. As the slightly tilted 
side-view shown in Figure 6.5b, a hollow structure is shown from the bottom. The reason 
that there is an open mouth at the bottom is because the sample which contains a soft 
surface damaged as the shell approaches the hard substrate (as illustrated in Figure 6.5e). 
To better view the inside hollow nature, the shell was cut from the middle line 
horizontally and vertically. Figure 6.5c and 6.5d shows the corresponding images and 
confirm the hollow structure. Another important thing we can get from the reconstructed 
image is the shell thickness as we can cut the shell from the middle line and just see the 
width of the edge. The edge of the shell shown in Figure 6.5 is around 18 nm.  
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Figure 6.5 TEM tomography characterizations on PE crystal shell. (a) Regular TEM 
image of the examined crystal shell; (b) reconstructed image of the crystal shell viewed 
from a slightly tilted side-view; reconstructed image of the crystal shell cut from 
horizontal (c) and vertical (d) middle line. (e) Sample approaching and damage process 
when deposited on substrate. 
 
 
PE crystal shells with different diameters can be tuned by changing the surfactant 
concentration, while keeping the water to DCB phase volume ratio constant. Since the 
sample is to make lamellaesome with PE, we name it LS
PE
-n (n is the number designated 
to a specific condition, detailed in Table 1). As summarized in Table 1, by changing the 
SDS concentration from 0.1 wt% to 26 wt%, shell diameter decreased from ~1.5 μm to ~ 
110 nm. For these six samples, the polymer concentration in DCB phase and water-to-
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DCB volume ratio was kept constant as 4 wt% and 10-1, respectively. The typical SEM 
images of the six samples are shown in Figure 6.6. For Sample LS
PE
-1 which has the 
lowest surfactant concentration, the emulsion is not stable and the resultant shells are 
~1.5 μm. Due to the large size, most of the shells in Figure 6.6a are collapsed. Sample 
LS
PE
-2 has been well discussed in the previous section. For sample LS
PE
-3, LS
PE
-4, and 
LS
PE
-5, they all show the crystal shells with an opening. For the smallest one, sample 
LS
PE
-6, SEM image is not clear to differentiate the detailed features. The inset of Figure 
6.6e shows a TEM image of the smallest shell. It clearly reveals the shell structure. 
Figure 6.6f plots the shell diameter against the surfactant concentration in aqueous phase. 
The shell size decreases rapidly at the early stage. Once the surfactant concentration 
reached the CMC (0.5 wt% at 95 ˚C247), the shell size almost reached the limit of a few 
hundred nanometers.  
Table 6.1 PE crystal shell sizes from different surfactant concentration 
Sample label Surfactant concentration in aqueous phase Diameter (nm) 
LS
PE
-1 0.1 wt% 1500 
LS
PE
-2 0.2 wt% 677 
LS
PE
-3 0.5 wt% 534 
LS
PE
-4 2 wt% 426 
LS
PE
-5 5 wt% 180 
LS
PE
-6 26 wt% 110 
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Figure 6.6 (a-f) SEM images of PE crystal shells prepared at different SDS concentration 
while keeping the water to oil ratio constant as 10:1. (g) TEM image of the sample in (f). 
(h) Plot of shell diameter against SDS concentration. 
 
 
After obtaining the PE crystal shells with different diameter, which means different 
curvature, both XRD and electron diffraction were used to characterize the crystalline 
structure at different curvatures. As plotted in Figure 6.7a, all the XRD spectra of PE 
crystal shells show the (110) and (200) peaks. The peak position does not change while 
the full width at half maximum (FWHM) of the peaks changes. In addition, the 
amorphous peak decreases as SDS concentration decreases. The crystallinities can be 
calculated by XRD data after peak fitting which was done on MagicPlot. The results are 
listed in Table 2. As the shell size becomes smaller and smaller, the crystallinity 
decreases. Figure 6.7b plots the FWHM and average defect distance versus shell diameter. 
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The average defect distance is calculated using Scherrer equation. As the plot indicates, 
both (110) and (200) planes show the same trend evolving with shell size. The XRD 
peaks were broadened continuously by increasing the curvature and the average defect 
distance increases as shell diameter increases, which means the polymer chains can pack 
more and more regular, decreasing the defect amount.  
 
 
Figure 6.7 (a) XRD patterns of PE crystal shells prepared at different SDS concentration. 
(b) Plot of FWHM and average defect distance versus shell diameter. 
 
 
Table 6.2 Crystallinity for the PE lamellaesomes 
Sample Flat PE LS
PE
-1 LS
PE
-2 LS
PE
-4 LS
PE
-6 
Crystallinity 83.8% 83.6% 66.8% 61.5% 48.8% 
 
As the crystal grows along the curved template, there are two differences from the 
normal solution crystallization. As the scheme in Figure 6.8 shows, first, the defects of 
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polymer crystals, which could be chain ends, chain branches, vacancies, or others, 
distribute differently. The larger ones will occupy the outer layer first, while the small 
ones will be excluded to the inner layer due to the space confinement. And only in this 
way will the crystal be stable. This will decrease the crystallinity, showing the XRD peak 
broadening. Second, crystal lattice will be slightly and continuously distorted. Each chain 
packing needs to compensate the curved shape and will be slightly splayed. This 
difference also will broaden the diffraction peaks. The distance between the adjacent 
stems is around 0.5 nm, then the splay angle β ~ 0.5/r. As r becomes larger and larger, the 
splay angle β becomes smaller and smaller, which means closer to normal flat crystals. 
The diffraction peaks become narrower and narrower, as confirmed in Figure 6.7. 
 
 
Figure 6.8 Scheme shows the crystal growth template by a curved shape 
 
Electron diffraction is another technique to detect the crystalline structure. Here we 
also obtained the electron diffraction patterns from shells with different diameters. As 
summarized in Figure 6.9, PE crystal shells with four different sizes, 1.2 μm, 800 nm, 
370 nm, 180 nm, gave the different diffraction patterns. Figure 6.9a shows clearly point-
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shape diffraction spots and can be indexed as (110) and (200). The weak pair pointed by 
the white arrows corresponds to (020) plane. The (020) plane in the other three samples is 
too weak to show up. This is a typical PE crystal electron diffraction pattern.
248
 As the 
crystal shells became smaller, the diffraction spots became arc shaped, as illustrated in 
Figure 6.9b-d. Arc shape of diffraction spot usually can be considered as a special case of 
rings. When the sample has single crystals with all different orientations, the electron 
diffraction pattern can be expected to be rings. Arc means the existence of some single 
crystals with continuous changing of orientations. The orthorhombic unit cell parameter 
of PE crystal is a = 0.7417 nm, b = 0.495 nm, c = 0.2547 nm.
248
 Figure 6.10c illustrates 
the unit cell packing on a curved surface. This is basically the growth process of the 
curved crystals. Starting the very center unit cell (represented using ab plane), along a 
direction, as the PE crystal continues to grow, the unit cell continues to splay and form a 
fan shape. Table 6.3 calculates the number of crystallites along (200) and (110) direction 
using the smallest perfect crystal size from XRD data. They are 6 and 5, respectively. As 
drawn in Figure 6.10c, 6 or 5 should just give 6 or 5 sets of electron diffraction patterns. 
The obtained arcs then indicate that the unit cells undergo continuous splay along the 
crystalline directions. Due to the continuous splay of the unit cells from center to outer 
layer, the diffraction spots become arc shape. The splay angle of the diffraction arc is 
determined by the splaying degree of the unit cells at the very end. If the lamellaesome’s 
3D structure is perfectly maintained on the substrate, only the very top and bottom point 
will give the diffraction patterns because the other diffractions are out of the plane. 
However, in our case, the lamellaesome collapsed on the substrate (proved by TEM 
tomography results), therefore, there is part of the lamellaesome with decent size gives 
the diffraction pattern. The unit cell splay gives the arc shape diffraction spots. The unit 
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cell splay should take place in all the directions. Figure 6.10c also illustrates the situation 
along b direction.  
 
Figure 6.9 TEM images of shells with different sizes and the corresponding electron 
diffraction patterns.  
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Figure 6.10 (a) PE lamellaesome; (b) Electron diffraction pattern from the lamellaesome 
in (a); Representative of unit cell packing on a curved surface and the corresponding 
diffraction patterns. 
 
 
Table 6.3 Crystalline structure along the (200) and (110) directions 
Plane (200) (110) 
Splay angle (
o
) 29.9 32.0 
Crystallite size (nm) 18.7 24.9 
# of crystallites 6 5 
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Following the mechanism shown in Figure 6.10, the growth process of the PE crystal 
shells along the curved liquid/liquid interface was monitored by controlling the polymer 
concentration in oil phase. Figure 6.11 presents the TEM micrographs of PE crystal shells 
prepared with PE concentration from 0.1 wt% to 4 wt% with 5 data points in total. As the 
micrographs shown, at very low concentration, only very small curved crystals formed; 
as the concentration increases, meaning the polymer supply increase, the crystals can 
continue to grow. Polygonal shape single layer curved crystals were observed for 0.5 wt% 
and 1 wt% sample. The crystal shells were very thin (judged by the almost transparent 
appearance in the TEM images) and edges didn’t show significant contrast comparing 
with central region. When the concentration reached 2 wt%, although the central regions 
didn’t change too much, the edges were much higher contrasted. This is because the 
edges were actually edge-on crystals after more polymers were supplied and the crystal 
growth could be further continued. From the 2D TEM images, we can also get the 
projection size of the crystal shells. Figure 6.11f plots the shell projection size versus the 
initial PE concentration. As it shows, the shell projection size increased with 
concentration increased from 0.1 wt% to 1 wt% and almost kept constant from 1 wt% to 
4 wt%. We name it Stage I and Stage II, respectively. As illustrated in the inset of Figure 
6.11f, during Stage I, starting from a nucleus, the crystal grows larger slowly and quietly 
if the supercooling is well controlled to be small. When it grows large to some extent, the 
crystallization enters Stage II. First of all, the edge-on crystals will form due to the 
existence of template and it gives much higher contrast. Secondly, the lateral size would 
not change significantly because of the confinement by the emulsion droplets.  
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Figure 6.11 TEM images of PE crystal shells prepared with 0.1 wt% (a), 0.5 wt% (b), 1 
wt% (c), 2 wt% (d), 4 wt% (e) initial PE concentration. (f) Plot of the shell diameter 
versus initial concentration. Scale bars are 200 nm. 
 
 
    The mechanical property of the PE shells was investigated using AFM. As shown in 
Figure 6.12a, an un-collapsed lamellaesome was selected. The image size is 1.3 µm × 1.3 
µm. A pyramid tip with a spring constant 14.38 mN/m was used to indent on the pole of 
the shell. After 20 times indentation, the shell was not damaged. The original data was 
converted to the force – deformation curve. Due to the energy loss during retracting, only 
the approaching curves were used to determine the mechanical property. As plotted in 
Figure 6.12b, the approaching curve went downward first because of the attraction 
between the cantilever tip and the sample. Then it went up as continue to approach the 
sample until it reached the set force limit. Only the small deformation part of this curve 
can be used to calculate the stiffness of the lamellaesome. Thus, the dashed red circle part 
of the force-deformation curve was fitted by a linear relationship to get the slope, which 
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is the stiffness of the lamellaesome. Then the Young’s modulus and membrane bending 
modulus can be calculated using eq. (2-6) and eq. (2-9). 
     The stiffness was determined to be 7.76±1.07 N/m. The modulus of this PE crystal 
shell is 3.3 GPa and the membrane bending modulus is 4.46×10
-15
 J. The modulus of 
amorphous PE is around 2 MPa at room temperature
249
, and the measurable crystal lattice 
modulus at 20 ˚C was in the range from 213 to 229 GPa.250 In our case, the modulus is 
much smaller than that of the PE crystal, this is because the low crystallinity of the 
lamellaesome.  
 
 
Figure 6.12 (a) A representative AFM image of a PE crystal shell with a size of 1.3 µm × 
1.3 µm and (b) plot of multiple measurements of force – deformation curve, the red 
circled part is used to determine the membrane stiffness. 
 
 
6.3 Summary 
    Crystallization of polymer at curved liquid/liquid interface was studied using the 
model polymer PE. Controlling over the crystal shell size and opening were achieved and 
well illustrated. 3D structure and the crystal structure of the crystal vesicles were well 
200 nm
a b
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characterized. By creating a liquid/liquid interface using emulsion, the crystallization can 
be efficiently confined to following the template, forming curved crystals. The lattice of 
the crystals is continuously distorted along the shape of the template and is highly 
curvature dependent. Mechanical property of the crystal shell is measured using AFM, 
confirming that the stiffness is three orders of magnitude higher than block copolymer 
assemblies, but with a thinner wall. High loading efficiency is promising to achieve using 
micron-sized crystal vesicles and the crystals can be broken by sonication easily. 
Therefore, this type of crystal vesicles may be used for burst release of high loading 
efficiency capsules. 
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Chapter 7: PLLA crystallization at curved water/p-xylene interface 
 
 
In the previous chapter, we discussed the PE crystallization at curved water/DCB 
liquid/liquid interface. The crystallization behavior and resultant curved crystal shells 
were extensively studied. Due to the curved geometry, starting from the nuclei, the 
crystals can grow and the chains continuously splayed. Along each crystalline direction, a 
fan shape crystal formed. 
In this chapter, we will continue pursuing in the same direction. A biocompatible 
crystalline polymer PLLA is chosen as the model polymer in this chapter. Biocompatible 
nanoparticles have been widely used to deliver small drugs 
251, 252
, proteins 
253
, and 
DNA
254
. Our strategy can be used prepare fully enclosed crystalline membrane 
which can potentially be used as pharmaceutical carriers. In this chapter, we will 
mainly focus on the PLLA crystal shells formation. In addition to the morphology and 
crystal structure analysis as what have been done in the previous chapter, mechanical 
property of the crystal shells will also be measured.  
 
7.1 Materials and methods 
7.1.1. Materials  
    PLLA (Mn = 10,000 g/mol, PDI = 1.1), p-xylene, CTAB, and 10-nm Gold 
nanoparticles colloidal solution, Nile Red (NR) were purchased from Sigma and used as 
received.  
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7.1.2. Instrumentation 
The emulsion was made with a vibra cell VC130 probe sonicator. Focused Ion Beam 
(FIB) experiments were conducted on FEI Strata DB235. SEM images were taken using 
Zeiss Supra 50VP. TEM imaging experiments were conducted on JEOL JEM2100 using 
200 KV accelerating voltage. For TEM tomography, a high-tilt holder was used and the 
tilt angle was from -70.7˚ to +76˚ with an increment of 1˚. Reconstruction was done using 
software CTan. SAED patterns of the samples were also obtained using this instrument 
but with 120 kV accelerating voltage. XRD experiments were conducted on Rigaku 
SmartLab. The data was fitted using MagicPlot to deconvolute the peaks and calculate 
crystallinity and FWHM of the crystalline peaks. AFM images and force spectra were 
acquired from a Bruker Dimension Icon AFM equipped with standard tapping mode and 
PeakForce mode. Samples were dried on silicon wafers. The cantilever was purchased 
from Veeco and the average spring constant of k = 14.38 N/m, determined by the thermal 
tune method.  
7.1.3 Phase diagram of PLLA/p-xylene solution 
The phase diagram of PLLA/p-xylene solution was obtained using the cloud point 
methods. Specifically, a series of PLLA/p-xylene solution with different concentrations 
(from 1 wt% to 5 wt% with 1 wt% interval) was prepared at 120 ˚C. Then the solutions 
were slowly cooled down (~1˚C/min) in a clear oil bath to see at what temperature the 
test tube become turbid (spinodal decomposition) or crystals start to form (crystallization). 
7.1.4 Emulsion crystallization of PLLA 
4 wt% PLLA/p-xylene solution was prepared at 120 ºC, then slowly cooled to 98 °C 
for emulsification. The solution was mixed with CTAB aqueous solution which was 
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preheated to 98 ºC. The weight ratio of water/p-xylene/CTABP was kept at 70-29.94-0.06 
and sonication power was 90% amplitude unless other specified. The concentration of 
PLLA/p-xylene solution varied from 0.1 wt%, 0.2 wt%, 0.5 wt%, 2 wt%, and 4 wt% to 
study the crystal growth mechanism at curved liquid/liquid interface. 
 
7.2 Results and discussion 
7.2.1 Phase diagram of PLLA/p-xylene solution 
As shown in Figure 7.1, by using the cloud point method, the PLLA/p-xylene 
temperature-concentration phase diagram can be constructed. The spinodal curve is 
indicated by the black solid line and the crystallization line is represented by the blue 
dashed line in Figure 7.1. Because the kinetics of the PLLA crystallization is very slow, 
the crystallization could not be observed. Bypassing the crystallization line, when the 
temperature entered the two phase region, the phase separation took place and the 
solution became turbid instantly when the solution reached two phase region. The phase 
diagram of the PLLA/p-xylene solution will provide a guide on choosing the 
crystallization temperature for the emulsion.  
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Figure 7.1 PLLA/p-xylene solution temperature-concentration phase diagram. 
 
 
7.2.2 PLLA crystallization at curved water/p-xylene interface 
PLLA/p-xylene and water emulsion was prepared at 98 °C. In order to avoid phase 
separation in the emulsion droplet, crystallization temperature should be above the 
spinodal curve. For PLLA dilute solution crystallization, Ruan et al have reported crystal 
morphology and temperature phase diagram.
255
 At 90 °C, PLLA lamellae with smallest 
aspect ratio were obtained, meaning the crystal growth rates at different direction were 
similar.  This is desired in our strategy. Thus, 90 °C was chosen as the crystallization 
temperature. The emulsion was kept at 90 °C for two days for crystallization. Typical 
SEM and TEM images are shown in Figure 7.2. The SEM image shows the formation 
spherical particles, and TEM images indicate the formation of hollow structures. The 
average diameter of the hollow structures is 255 ± 105 nm, determined from SEM and 
TEM images.  The plot of size distribution is shown in the inset of Figure 7.2a. The 
surface of the hollow spheres (Figure 7.2a) is smooth. In addition, the hollow spheres are 
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not perfectly rounded, especially as the TEM images indicates, this is because they are 
made of polymer crystals which still maintain some of their facets. The thickness of those 
shells is measured from the TEM images. By drawing a line profile in the 
DigitalMicrograph software across the edge as illustrated in Figure 7.2c, a line plot 
(bottom of Figure 7.2c) could be obtained. In this way, it is much easier and more 
accurate to identify the position where has highest contrast and the very outer edge. 
Because the TEM bright field image contrast is from the electron density in the material 
and the thickness and composition of the material. Here the material is the same, 
therefore, the contrast is dependent on the thickness only. The distance between these two 
positions is the thickness of the hollow spheres. The average thickness of those PLLA 
capsules is 22.3 ± 3.77 nm. This is the thickness of 1~ 2 layers of PLLA single crystals
256-
260
.  
 
 
Figure 7.2 Typical SEM (a) and TEM (b) micrograph of PLLA lamellaesomes; (c) 
measuring the lamellaesome thickness using TEM image line profile. 
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7.2.3 3D characterization by FIB and TEM tomography 
    To confirm the hollow feature of those spheres, first we used FIB to cut the spheres. 
After PLLA emulsion crystallization, a drop of emulsion was placed on silicon wafer. 
After blotting the excessive emulsion, the silicon wafer was immersed in DI water to 
remove the surfactant. The sample was dried before examination. A random sphere was 
chosen, as shown in Figure 7.3a. The ion beam bombarded to the sample at a 52˚ angle.  
After bombardment, as the SEM image presented in Figure 7.3b, a hollow inside was 
clearly shown. Since PLLA is a soft material, no clear cut was observed. This empty 
space makes the hollow spheres potentially a drug vehicle. 
 
Figure 7.3 SEM images of a PLLA lamellaesome before (a) and after (b) FIB cutting. 
 
 
 
    TEM tomography was used to further study the 3D structure of the lamellaesomes. 
The tilting range was from -70.7° to +76° with an interval of 1°. Figure 7.4 shows the 
tomography results. Figure 7.4a is the image of an xz slice of the tomography data 
collecting setup. Bottom is the carbon supporting film and on its top is the PLLA shell. 
The electron beam direction is perpendicular to the substrate. As the dashed blue line 
indicates, the bottom part smeared with the supporting film. The thickness of the shell 
can be measured from this image. By conducting 10 measurements along the shell, the 
200 nm 200 nm
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thickness is determined to be 24.5 ± 4.47 nm, which is consistent with the previous 
results. Figure 7.4b shows the reconstructed 3D image of the PLLA shell in Figure 7.4a. 
Since the bottom part was smeared with the substrate, it shows an opening at the bottom, 
but this provides a path to look into the inside of the shell. It shows a hollow shell 
structure. Alternatively, the shell can be cut from the middle to examine the inside 
structure. Figure 7.4c and d show the reconstructed 3D images cut from the x-axis and y-
axis and moved apart a little, which gives us a clear idea of the hollow structure.  
 
 
 
Figure 7.4 TEM tomography study on lamellaesomes. (a) side-view of PLLA 
lamellaesome setup under TEM; (a-c) reconstructed 3D images of PLLA lamellaesome. 
 
 
b
d
a
c
154 
 
7.2.4 XRD and electron diffraction 
    To confirm the crystalline structure of the hollow spheres, XRD and electron 
diffraction were used. It is also very interesting to study the curvature effect on the crystal 
structure which can be detected by XRD and electron diffraction. In order to obtain 
PLLA lamellaesomes with different structure, emulsification condition was used to 
control the size. The detailed samples’ conditions were listed in Table 1. Both surfactant 
concentration and sonication power were able to change the droplets size. Since the 
lamellaesome here is made of PLLA, so we name the samples LS
PLLA
-n (n is number, 
indicates different emulsification condition). After emulsion crystallization, the samples 
were washed with water to remove the surfactant. Powder samples were used for XRD 
measurements. PLLA crystallizes in the α form with an orthorhombic and the unit cell 
has the dimensions of a = 1.07 nm, b = 0.595 nm, and c = 2.78 nm.
261
 As indicated in 
Figure 7.5, the XRD clearly shows all the PLLA diffraction peaks as what the flat PLLA 
crystals do. Based on the unit cell, the diffraction peaks can be labeled as shown in Figure 
7.5a. The diffraction peaks are from (010), (110) and (200), (203), and (015). The 
strongest peak at 16.7° is the overlap of (110) and (200) because they have the same d-
spacing, and the peak at 19.8° is (203). At the right side of Figure 7.5a is the sample label. 
The very bottom spectrum was from the flat PLLA crystals grown from normal solution 
crystallization at 90 ˚C. The differences between the XRD spectrum from flat PLLA 
crystals and PLLA spheres are: 1) there is a wide bump from 15° to 35° for the PLLA 
hollow spheres, which is the amorphous peak of PLLA crystal; 2) The FWHM of each 
peak is different. The trend is shown in Figure 7.5b. The FWHM decreases and average 
defect distance increases as the lamellaesome size increases. The crystallinities of the six 
samples can be determined after deconvolution using MagicPlot and the results are listed 
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in Table 7.1. The flat crystals have the highest crystallinity and it decreases as the 
lamellaesome size decreases. This is because the PLLA lamellaesome are basically bent 
PLLA crystals, and the resultant curvature causes the distortion of the crystals. The 
higher curvature the lamellaesome has, the more distorted the crystal is, showing wider 
diffraction peak and lower crystallinity.  
 
 
Figure 7.5 a) XRD of PLLA hollow spheres, b) FWHM of (110/200) and (203) peak and 
average defect distance versus sphere diameter. 
 
Table 7.1 Crystallinity of the PLLA crystal shells with different sizes. 
Sample label Emulsion condition Lamellaesome size (nm) Crystallinity (%) 
LS
PLLA
-1 80-19.9-0.1  
90% sonication 
148 35% 
LS
PLLA
-2 80-19.94-0.06  
90% sonication 
230 40% 
LS
PLLA
-3 70-29.94-0.06 
90% sonication 
255 43.5% 
LS
PLLA
-4 70-29.94-0.06 
70% sonication 
1080 52.6% 
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PLLA
-5 70-29.94-0.06 
40% sonication 
1120 55.3% 
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Crystal 
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Analysis of XRD data helps understand the chain packing behavior at curved interface. 
To understand the structure of the whole crystalline membrane, electron diffraction on 
single lamellaesome was employed. As shown in Figure 7.6, diffraction patterns on 
different sized lamellaesome was obtained. The typical (110) and (200) PLLA diffraction 
pattern shows in all the spheres with different sizes. They are the only visible diffraction 
spots in the electron diffraction. This confirms the crystalline nature of the hollow 
spheres.  As the curvature of the crystalline membrane increases, the diffraction spots 
changed from dots to arcs. As discussed in the previous section, at the curved interface, 
the polymer chains splayed from inner layer to outer layer, causing the lattice distortion. 
Take the diffraction pattern in Figure 7.6c as an example, the splay angle of the (200) arc 
is 20.1˚ (as magnified in Figure 7.7c). The deposited lamellaesome on TEM grid is 
actually a semi-capsule and flattened crystal at the bottom, which has been discussed with 
the tomography results. Only the flattened crystals give diffraction spots (110) and (200). 
The diffraction of other part of the lamellaesome is out of plane. The splay of the 
crystalline domains can be schematically drawn in Figure 7.7d. If we look down to the 
bottom part, the unit cell splay can be magnified as the bottom panel of Figure 7.7d. The 
radius of the bottom part of lamellaesome in Figure 7.7d is ~150 nm. Then the arc length 
AB of the (200) direction at very end of the bottom crystal is ~52.3 nm. The domain size 
calculated from XRD spectrum is ~16 nm. Then the number of crystalline domain is 
estimated to be 3 or 4. If the lattice splay in the curved crystalline membrane is discrete, 
the diffraction pattern will definitely give is 3 or 4 sets of (110)/(200). The arc shaped 
diffraction spots clearly indicates the continuous splay of the crystal lattice. 
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Figure 7.6 Electron diffraction patterns from PLLA hollow spheres with different sizes. 
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Figure 7.7 (a) Cartoon of bending a flat lamellae into curved shape and the resultant chain 
splay; (b-c) TEM image of a PLLA lamellaesome and its corresponding electron 
diffraction pattern; (d) Unit cell splay on the surface of the lamellaesome. 
 
 
7.2.5 Growth Mechanism of PLLA lamellaesomes 
    Similarly to the previous chapter, the crystal growth process was monitored by 
changing the initial concentration for lamellaesome. The initial polymer concentrations 
were controlled to be 0.1 wt%, 0.2 wt%, 0.5 wt%, 2 wt%, and 4 wt%, trying to get the 
morphology at different crystallization stages. The emulsion condition used for this part 
is water/p-xylene-CTAB=70-29.94-0.06 and 90% sonication power. As we can see 
Figure 7.8, starting with very small crystals (~ 30 nm), the lamellaesomes gradually grew 
into curved hexagonal shape, big bowl-like structure, and finally an enclosed 
lamellaesome. At the initial stage as small curved crystals, the hexagonal shape and facet 
features of crystals were still able to see. When the curved crystals continued to grow, the 
crystal facet features were diminished while the round vesicle-like structure became more 
apparent. As the cartoon in Figure 7.8f shown, after quenching the emulsion to 
crystallization temperature, a small nucleus form first. Nucleus diffuses to the interface 
and induces the crystal growth along the curved interface. Due to the small size at this 
stage, crystals are curved and still show the hexagonal shape. Further growth leads to the 
formation of bowl-like structure and diminishing the crystalline morphology. When 
enough polymers are provided, full lamellaesomes can form. Therefore, this is another 
distinct advantage of our strategy. Polymer crystal vesicles form through gradual crystal 
growth, curved crystals and bowl-like crystals can be easily prepared using this method. 
This is quite unique comparing with other vesicle preparation methods such as liposomes, 
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polymersomes, and colloidosomes, in which only a complete vesicle can be formed at 
once.  
 
 
Figure 7.8 PLLA crystals grew at curved liquid/liquid interface with different initial 
PLLA concentrations: (a) 0.1 wt%, (b) 0.2 wt%, (c) 0.5 wt%, (d) 2 wt%, (e) 4 wt%. (f) 
Formation process of lamellaesome Scale bars are 100 nm. 
 
 
7.2.6 Mechanical properties of the PLLA lamellaesomes 
    To study the mechanical property of the PLLA lamellaesomes, AFM force 
spectroscopy was employed. The emulsion crystallized PLLA were put on silicon wafer, 
after washed away the surfactant by immersing the silicon wafer into DI water, the 
sample was put under vacuum overnight to be completely dried. The inset of Figure 7.8 
shows the AFM image of a PLLA lamellaesome acquired under tapping mode. The 
height profile indicates the height of the lamellaesome is 123 nm and the lateral size is 
224 nm. According to this measurement, the lamellaesome is damaged by the substrate at 
the bottom part, and the upper part can still sustain the structure. This phenomenon is also 
presented in the tomography results.  
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    To measure the mechanical characteristics of the lamellaesome, a pyramid tip was 
placed above the top of the lamellaesome, and the cantilever deflection was recorded 
when approaching and retracting from the sample. Since all the numbers are relative 
value during recording, the data were converted to force-deformation curve by setting the 
contact point as (0, 0). Here we set the point at which the tip pass through the attraction-
repulsion region and start to contact the sample as the contact point. When approaching, 
the curve went down before contacting was because of the attractive force between the 
AFM tip and the lamellaesome. Then the repulsive force started to take over and 
increased all the way during the tip interacting with the lamellaesome. After the tip 
deflection reached the value that we set in the program (500 nN here), the tip started to 
retract from the lamellaesome. Due to the energy loss during retracting, only the 
approaching curves were used to determine the mechanical property. Figure 7.9 shows 
the approaching curve, only the initial linear stage (circled by the dashed red circle) was 
fitted to get the slope, which is the stiffness of the membrane. In classical shell theory, 
the solution of deformation of a spherical shell under point loads on its pole has been 
obtained 
77, 78
. The equation (7-1) can be used to calculate the stiffness k of membranes. 
From a linear fitting to small deformation region, the stiffness k of the lamellaesome can 
be determined. After obtaining the stiffness and the geometry, the membrane bending 
modulus can be calculated using equation (2-9).  
    As shown in Figure 7.9, by performing around 25 measurements on one lamellaesome, 
the stiffness obtained from approaching curves is 46.6±6.5 N/m. Plugging into eq. (2-6) 
and eq. (2-9), the Young’s modulus is 12.5 GPa, the membrane bending modulus is 
1.54×10
-14
 J. The comparison of the mechanical properties among different membrane by 
AFM was listed in Table 7.2. As can be seen that, the Young’s modulus is around 103 
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times higher than the polymersomes, and the bending modulus of the membrane is about 
two orders of magnitude higher than the polymersomes. 
 
 
Figure 7.9 (a) Representative of full force-deformation curve. Inset is representative 
AFM image of a single PLLA lamellaesome; (b) AFM force-deformation spectrum on 
PLLA lamellaesomes.  
 
 
Table 7.2 Comparison of Membrane properties of liposomes and polymers determined by 
AFM 
Material ref Shell thickness 
(nm) 
E (MPa) Membrane bending 
modulus (10
-19
 J) 
EggPC 
75, 262
 6 ± 0.6 2 ± 0.8 0.3 ± 0.1 
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263
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    To test the encapsulation ability of the lamellaesomes, NR was dissolved into p-xylene 
with PLLA before emulsification. Then the same procedure was performed. After 
emulsion crystallization, the emulsion was broken with large amount of water. A layer of 
p-xylene was added to the emulsion. The emulsion was flushed with water first to remove 
the surfactant CTAB and p-xylene second to remove the excessive NR which was not 
encapsulated into the lamellaesomes. Two emulsion conditions were used to compare the 
encapsulation ability, LS
PLLA
-3 and LS
PLLA
-5. After washing with p-xylene, the sample 
was re-dispersed in p-xylene, as the images in Figure 7.10 shows, LS
PLLA
-5 has no NR 
left inside, and the lamellaesomes were white powder precipitated at the test tube bottom; 
while the LS
PLLA
-3 showed red powder at the bottom. Fluorescence spectra of these two 
samples showed no fluorescence signal. After sonicating the LS
PLLA
-3 for 1 minute, the 
whole solution became red, and gave strong fluorescence signal at 568 nm. Using the 
intensity of the peak, the concentration of the NR in p-xylene was estimated to be 1.2 × 
10
-7
 g/g p-xylene. The loading efficiency of NR in PLLA lamellaesome is ~0.2 wt%. 
Therefore, here we provide an easy and efficient way to encapsulate the hydrophobic 
drugs. 
 
 
Figure 7.10 Fluorescence spectra of PLLA lamellaesomes dispersed p-xylene.  
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7.3 Summary 
    PLLA lamellaesomes were obtained by conducting the homogeneous polymer 
crystallization at curved liquid/liquid interface. This unique vesicle structure, made with 
polymer single crystal, resembles conventional vesicle or capsules structure. In this case, 
the growth process can be controlled to form curved crystals and bowl-like structure. 
Moreover, the stiffness of the lamellaesomes is significantly higher than the current 
reported vesicles such as liposomes and polymersomes.  
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Chapter 8: Conclusions and future work 
 
 
At the end of this dissertation, I would like to summarize the experiments discussed in 
the previous chapters and draw conclusion from the results. Scientific exploration is 
endless, so I will also include some of my thoughts about the future research along the 
direction of this dissertation. 
 
8.1 Conclusions 
Chapter 4-7 were devoted to describing and discussing the experiments and the results. 
The major conclusions are: 1) curved liquid/liquid interface can bend SWCNT into rings; 
2) polymer heterogeneous nucleation and crystal growth can take place at curved 
liquid/liquid interface, regardless of the interfacial energy difference; 3) curved 
liquid/liquid interface can serve as template for polymer homogeneous nucleation and 
crystal growth to form lamellaesome. 
8.1.1 Curved liquid/liquid interface can bend SWCNTs into rings 
SWCNTs were bent into rings with diameter around 237 nm by water/DCB interface. 
It is the interfacial force applied to the two ends of the SWCNTs that starts the process. 
The formation of miniemulsion homogenized by the fierce probe sonication leads to the 
small size of the SWCNT rings. It can be controlled via controlling the interfacial tension 
of the liquid/liquid interface and the modulus of the SWCNTs. The size distribution was 
quite narrow due to the narrow distribution of the miniemulsion droplet size. High 
curvature of the rings changes the local atomic vibration and electron cloud distribution 
along graphite-like surface and the defects. Therefore, the Raman signal of the SWCNT 
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rings changes with the change of ring’s diameter. This is a generic method to fabricate 
well controlled SWCNT rings in large scale. Different water/oil system can be chosen if 
different diameter or other requirements should be taken into consideration. 
8.1.2 Polymer heterogeneous nucleation and crystal growth can take place at 
curved liquid/liquid interface, regardless of the interfacial energy difference 
Due to their surface chemistry, SWCNTs can induce the polymer crystallization onto 
their surfaces epitaxial. Because of the small diameter of the SWCNTs, soft-epitaxial 
mechanism is used to describe the crystal growth along the SWCNTs. At liquid/liquid 
interface, polymers can still crystallize onto the SWCNTs surface even in a ring structure, 
resulting a nano spike structure. The water/oil interface became undulated during 
crystallization to provide a physical path for the free polymer to diffuse to the growth 
front. Different water/oil system and different polymer can form the same structure. It is a 
crystallization-driven process because the energy gain from crystallization of polymer is 
much higher than energy penalty for the interface evolution. PE, PLLA and P3HT were 
successfully crystallized onto the surface of SWCNT rings at water/DCB, water/p-xylene, 
and water/anisole interface. Interfacial tension was also tuned by putting the different 
amount of PE-b-PEO block copolymer at the interface. NHSK ring structure formed at all 
conditions, just the kebab size varied.  
8.1.3 Curved liquid/liquid interface can serve as template for polymer 
homogeneous nucleation and crystal growth 
Without the nuclei such as SWCNTs at the liquid/liquid interface, crystallization at 
interface can still take place. The difference between crystallization at liquid/liquid 
interface and normal solution crystallization is the existence of a template. The shape of 
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the template will certainly play an important role in the final morphology of the structure. 
Both PE and PLLA were chosen as model polymers to conduct this study. 
8.1.3.1 PLLA crystallization at curved liquid/liquid interface 
PLLA crystallization in p-xylene solution was well studied. The slow solution 
crystallization can form hexagonal shape crystal with a low aspect ratio at 90 ˚C. 
Therefore, water/p-xylene interface and 90 ˚C were chosen for the emulsion 
crystallization of PLLA. Due to the curved liquid/liquid interface as a template, PLLA 
crystallization followed the curved shape, resulting PLLA crystalline vesicles, we called 
it lamellaesome. Lamellaesomes were obtained by conducting the homogeneous polymer 
crystallization at curved liquid/liquid interface. FIB and 3D TEM tomography confirmed 
the hollow structure. This unique vesicle structure, made with polymer single crystal, 
resembles conventional vesicle or capsules structure. In addition, the vesicle wall is made 
with polymer single crystals, confirmed by electron diffraction and XRD. Moreover, the 
stiffness of the lamellaesomes is significantly higher than the currently reported vesicles. 
AFM was a powerful tool to measure the stiffness of lamellaesome with size around a 
few hundred nanometers. In addition, the drug encapsulation ability was demonstrated 
using model drug NR. This provides a great opportunity to explore the drug delivery 
application of the lamellaesomes. 
8.1.3.2 PE crystallization at curved liquid/liquid interface 
Crystallization of PE at curved liquid/liquid interface was also achieved at water/DCB 
interface. By creating a liquid/liquid interface using emulsion, the crystallization can be 
efficiently confined to following the template, forming curved crystals. Different from 
the PLLA chapter, we conducted extensive study on the PE water/DCB system and 
obtained a variety of different structures, not just the lamellaesome. Curved crystal with 
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different size and opening areas were acquired, we call it crystal shells. The crystal shell 
size is mainly determined by the droplet size which can be tuned by the surfactant 
concentration and sonication power. Crystal shell size decreases from ~1.5 µm to ~120 
nm with the increase of the surfactant concentration from 0.1 wt% to 26 wt%. Lower 
sonication power can produce micron-sized droplets, and in turn micron-sized PE 
lamellaesome. 3D structure of the crystal shells were studied using TEM tomography, 
confirming the hollow structure and shed light on the tessellation of the sphere with small 
piece of polymer single crystals. The crystalline structure of the crystal vesicles was well 
characterized by electron diffraction and XRD. Measurements on different size PE crystal 
shells were acquired. The curvature of the crystal shells showed influence on the 
diffraction patterns. Detailed analysis revealed that the curvature of the crystal shells 
changes 1) the distribution of defects by size; 2) the degree of lattice distortion during 
chain packing. The lattice of the crystals is continuously distorted along the shape of the 
template. Mechanical property of the crystal shell is measured using AFM, confirming 
that the stiffness is three orders of magnitude higher than block copolymer assemblies, 
but with a thinner wall. High loading efficiency is promising to achieve using micron-
sized crystal vesicles and the crystals can be broken by sonication easily. Therefore, this 
type of crystal vesicles can be used for burst release of high loading efficiency capsules. 
 
8.2 Outlook and suggestions 
PhD life is finished, but scientific exploration is never over. Along the direction of 
polymer crystallization at curved liquid/liquid interface, I have some thoughts and 
suggestions for future study. 
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8.2.1 Study the encapsulation and drug release using crystal lamellaesome 
PLLA is a biocompatible polymer. A lot of research on drug delivery has been done 
based on PLLA or its derivatives. The lamellaesome made of PLLA has been 
successfully fabricated and the encapsulation ability was just demonstrated. More 
detailed study can be explored. However, the low solubility of PLLA in water limits the 
application. Therefore, using some PLLA block copolymer which does not change the 
crystallization behavior too much but can bring higher compatibility between water and 
the PLLA lamellaesome would be the next project. After the drug loading during 
crystallization at liquid/liquid interface, the composite should be able to be isolated and 
re-dispersed in water, and then the following release profile can be studied.  
8.2.2 Phase separation coupled with crystallization 
In this work, we used the temperature-phase diagram as a guide to avoid the phase 
separation before crystallization. So the size of the crystal shells was solely determined 
by the emulsion droplet size. What if the phase separation happens before crystallization 
within the emulsion droplets? This would be another strategy to 1) get even smaller 
crystal shells; 2) observe the phase separation which will be frozen by the crystallization 
step.  
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